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FRONTISPIECE. A juvenile northern goshawk captured near its nest in eastern Oregon. Habitat and demog-
raphy studies of northern goshawks in the Inland Pacific Northwest focused on breeding ecology and nest-
ing habitat. Landscape-level analyses of forest cover around nests included post-fledging areas (PFA),
which are important because they provide hiding cover and foraging opportunities for young birds before
they reach independence from adults (photo by Stephen DeStefano, USGS).
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Abstract: We compared northern goshawk (Accipiter gentilis atricapillus) nesting habitat within 1 ha of nest sites and
at landscape scales of 10, 30, 60, 83, 120, 150, and 170 ha in 4 study areas east of the Cascade Mountains in Oregon
and Washington. Our objective was to describe goshawk nesting habitat at biologically relevant scales and to devel-
op models capable of assessing the effects of forest management alternatives on habitat suitability. We evaluated
habitat at 82 active goshawk nests and 95 random sites. Productivity (young fledged per nest) was evaluated at 81
nests. We collected data on forest structure within 1 ha of nests and random points. At scales ranging from 10 to
170 ha, we recorded the abundance and spatial distribution of several forest stages of stand development (i.e., stand
initiation, stem exclusion, understory reinitiation, old growth) on aerial photographs. We used logistic regression
and classification and regression trees (CART) to (1) evaluate habitat selection, (2) construct models to calculate
the probability of nesting, and (3) explore relationships between reproductive output and habitat conditions. We
assessed model accuracy via bootstrap and jackknife cross-validation techniques.

By examining goshawk habitat relationships at multiple spatial scales across several study areas, we detected uni-
fying spatial patterns and structural conditions surrounding goshawk nesting habitat. Our ability to discriminate
goshawk nest sites from available habitat decreased as landscape scale increased, and different factors influenced
goshawks at different scales. The presence and arrangement of forest structural types interacted to influence site
suitability for nesting. At the 1-ha scale, the stage of stand development (i.e., stand initiation, stem exclusion,
understory reinitiation, old growth), low topographic position, and tree basal area reliably discriminated between
nests and random sites. Low topographic position and basal area were more influential than stand structure.

At the landscape scale, modeling indicated that conditions at different scales interact to influence selection of
habitat for nesting. A core area exists surrounding goshawk nests in which stem exclusion and understory reinitia-
tion stands with canopy closure >50% serve as apparent protection against potentially detrimental effects associated
with more open forest (e.g., predators and micro-climate). Among several models tested, the model that best dis-
criminated between nests and random sites encompassed 83 ha surrounding the nest and incorporated habitat char-
acteristics from multiple scales nested within that range. This model had a cross-validated classification accuracy of
75%. Positive correlations were found between fledging rate and tree basal area within 1 ha of the nest (F3 77 = 2.89,

! E-mail: mtmcgrath@state.mt.us.

2 Present address: Montana Department of Natural Resources and Conservation, 1401 27th Avenue, Missoula, MT
59804, USA.

3 Present address: U. S. Geological Survey, Massachusetts Cooperative Fish and Wildlife Research Unit, Holdsworth
Natural Resources Center, University of Massachusetts, Amherst, MA 01003, USA.
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2 WILDLIFE MONOGRAPHS

P=0.0407), and between fledging rate and the percentage of landscape occupied by “stem exclusion” stands of low
canopy closure (i.e., <50%) at landscape scales >60 ha (F3 77, 0.041 < P < 0.089). Spatial modeling also showed that
timber harvest can be managed to maintain or enhance goshawk nest site suitability over time in the Interior
Northwest, and that a non-harvest strategy can be just as detrimental to nesting habitat as can be aggressive, maxi-
mum-yield forestry.

We conclude that (1) northern goshawk nesting habitat becomes less distinguishable from the landscape with
increasing area, and (2) habitat management based on exclusionary buffers should be re-evaluated in light of the
way different habitat factors interact across spatial scales. We present case studies illustrating how landscape scale
modeling can be implemented to (1) predict the influences of alternative silvicultural prescriptions on the suitabil-
ity of potential nesting habitat over time, and (2) characterize large landscapes with respect to abundance and dis-
tribution of suitable nesting habitat.

WILDLIFE MONOGRAPHS 154:1-63

Key words: Accipiter gentilis, adaptive management, classification and regression trees, geographic information sys-
tems, goshawk, habitat selection, habitat suitability model, logistic regression, nesting habitat, Oregon, Washington.
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INTRODUCTION Certainly other issues, such as those involv-

A Historical Perspective

For nearly 2 decades, wildlife manage-
ment of coniferous forests in the Pacific
Northwest has been focused largely on one
species, the spotted owl (Strix occidentalis).

ing salmon (Nehlsen et al. 1991), marbled
murrelets (Brachyramphus marmoratus; Ralph
et al. 1995), biodiversity (Hunter 1999), and
ecosystem  functions and  processes
(Dunning et al. 1992), have since risen to
national recognition, but the spotted owl has
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arguably been the primier species and the
most recognized symbol of old-growth
forests and the controversy surrounding for-
est management and conservation. The
debate over management of late seral stage
forests and the role played by the spotted
owl has been called a “watershed issue” for
conservation (Yaffee 1994). Indeed, it would
be a mistake to underestimate the role this
single species has played in the history of
natural resource conservation in North
America.

The spotted owl has brought to our atten-
tion the interrelationships of ecosystem
management, recovery of threatened and
endangered species, conservation of biodi-
versity, and the role of science in manage-
ment and policy. It also highlighted the
importance and power of the Endangered
Species Act, illustrating that attention on a
single species can profoundly alter manage-
ment practices, policies, and regional
economies. These issues, however, no mat-
ter how important and broad-reaching, were
restricted to a relatively narrow band of for-
est between the Pacific coast and the
Cascade and Sierra Nevada Mountain
Ranges in Washington, Oregon, and
California, those areas inhabited by north-
ern and California spotted owls (S. o. caurina
and occidentalis, respectively).

Recently, petitions have been filed to list
the northern goshawk as threatened or
endangered under the Endangered Species
Act (Silver et al. 1991). Aimed at various
populations in the western United States
and, most recently, for the United States
west of the 100th meridian (U.S. Fish and
Wildlife Service 1998), these petitions pres-
ent potentially more farreaching impacts
than those resulting from the spotted owl
listing. Goshawks inhabit a much broader
geographic area and a much wider array of
forest types (Squires and Reynolds 1997)
than do spotted owls. Thus, their environ-
mental, economic, and political implications
are potentially more farreaching. The
power of the Endangered Species Act to stop
or alter forest management throughout the
range of the spotted owl was an important
lesson, and a lesson not likely lost on those
who petitioned to list the goshawk. Several
authors have written and speculated about
the chain of events, the motivations, and the

potential consequences of such a listing
(Kennedy 1997, Crocker-Bedford 1998,
DeStefano 1998). Regardless of one’s feel-
ings or beliefs as to whether the northern
goshawk or some subpopulation thereof
should be protected under the Endangered
Species Act, there is little doubt that this
species rivals and potentially outweighs the
controversy that has surrounded the spotted
owl.

A Management Plan for Goshawks,
Prey, and Forests

In response to concerns about the status
of northern goshawks in the western United
States and early attempts to list the Apache
subspecies (A. g. apache) in the southwestern
United States, the U. S. Forest Service assem-
bled a panel of scientists to review the litera-
ture, consider options, and develop manage-
ment recommendations for goshawks in
coniferous forests. The panel considered
then extant goshawk ecology and habitat
requirements, the ecology and habitat of the
goshawk’s principal prey species, and silvi-
cultural and management techniques to pro-
mote a mosaic of forest seral stages, includ-
ing old-growth, across large landscapes. The
result was Management Recommendations for the
Northern Goshawk in the Southwestern United
States (Reynolds et al. 1992).

Reynolds et al. (1992) identified 3 nested
spatial scales in which to describe how
breeding goshawks use southwestern land-
scapes: (1) a 10- to 12-ha nest area, com-
prised of 2-3 alternate nests within different
stands in the nest area, (2) a 120- to 240-ha
postfledging area, which is an area sur-
rounding the nest used by young from the
time of fledging to independence from the
adults, and (3) a 1,500- to 2,100-ha foraging
area where the breeding pair hunts for food.
Reynolds et al. (1992) recognized that vari-
ability would occur among nesting pairs in
the size of these areas. However, their man-
agement recommendations for manipulat-
ing forest structure and maintaining a mix
of seral stages centered on this concept of 3
nested spatial scales.

The southwestern management recom-
mendations proposed by Reynolds et al.
(1992) provide the most comprehensive
plan for goshawks in North America. It has
been both supported and criticized (Arizona
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Game and Fish Department 1993, Braun et
al. 1996). Much of the criticism has focused
on the fact that the plan was developed
specifically for the southwestern United
States, and thus, its applicability to other
regions may not be appropriate. Another
concern is that many of the premises in the
plan comprise untested hypotheses. Despite
these criticisms, Reynolds et al. (1992) lays a
foundation for additional studies, and such
work is especially needed in forested regions
outside of the southwestern United States.

Study Perspective and Objectives

In North America, the northern goshawk
has been characterized as an inhabitant of
continuous forest and a species that can be
impacted by forest practices (e.g., Crocker-
Bedford 1990, Reynolds et al. 1992, Daw
1996, Desimone 1997). Previous North
American research indicates that when
selecting nest sites, goshawks favor lower
topographic position, greater canopy clo-
sure, and larger diameter trees than what is
available in the surrounding landscape
(Hennessy 1978, Reynolds 1978, Moore and
Henny 1983, Hall 1984, Hayward and Escano
1989, Kimmel 1995, Daw and DeStefano
2001). Because goshawks have large home
ranges (ca. 2,200 ha) and use a range of for-
est conditions for foraging and nesting
(Reynolds et al. 1992), it seems logical that
they may not select nesting sites based on
stand-level characteristics alone. Rather,
selection of nesting sites may be influenced
by landscape-scale patterns and processes.
Thus, knowledge of landscape-scale factors
may provide information regarding (1) the
variety of proximate cues (e.g., landscape
pattern and composition) for nest site selec-
tion by goshawks, (2) the functional signifi-
cance of various habitat characteristics (e.g.,
stand composition, geographic attributes),
and (3) a better perspective on how forestry
practices influence the likelihood of
goshawks nesting at different sites.

In the recent status review of northern
goshawks west of the 100th meridian (U. S.
Fish and Wildlife Service 1998), it was sug-
gested that the largest impediment to decid-
ing the status of goshawk populations was
the lack of empirical data throughout the
species’ range. The status review concluded
that if equal effort were expended for nest

searches throughout the potential listing
area that was expended in demographic
studies, there would be an increase in
reported numbers of goshawk territories
and an increase in documented goshawk
nesting. However, information on habitat
use is more available than demographic
information (at least for nesting habitat, but
much less so for foraging or winter habitat),
but is mainly descriptive (rather than predic-
tive); its utility for more sophisticated model-
ing and use for adaptive management
approaches remains undeveloped and
untested. This is especially true for land-
scape scales; forest biologists report that
large-scale landscape approaches are among
the most needed studies for understanding
the effects of forestry practices on wildlife
populations (DeStefano 2002).
Furthermore, large-scale approaches are
needed because the northern goshawk
occurs broadly in western forest ecosystems
that Covington et al. (1994) and Everett et
al. (2000) have described it as increasingly
susceptible to uncharacteristically severe,
large-scale wildfires. For example, in the
Eastern Cascades subregion of Oregon and
Washington, fire suppression and removal of
commercially valuable shade-intolerant
species like ponderosa pine (Pinus
ponderosa) have facilitated dominance by
shade tolerant Douglas-firs (Pseudotsuga men-
ztesit) and true firs (e.g., grand fir, Abies gran-
dis) in very high stand densities over the
course of several decades (Camp et al. 1997).
In turn, these dense conditions have dramat-
ically increased the threat of large-scale wild-
fires (Agee 1994, Camp et al. 1997, Everett et
al. 2000). While it is unknown how those
changes in forest composition and density
may have modified northern goshawk habi-
tats, the changes have clearly shifted wildfire
regimes away from frequent low-intensity
fires to lessfrequent, high-intensity, stand-
replacing fires that destroy goshawk nesting
habitats. Thus, detailed information regard-
ing goshawk habitat use can support forest
planning efforts and identify silvicultural
options that may reduce the likelihood and
severity of such uncharacteristic events while
conserving suitable conditions for goshawks.
Our research is aimed at developing a
modeling procedure that can be incorporat-
ed into adaptive management programs for
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landscapes, and also contribute to the base
of knowledge that supports objective deci-
sions regarding the status of goshawk popu-
lations in the West. In 1992 we began surveys
for nesting goshawks in eastern Oregon,
expanding this effort in 1994 to include
areas in central Washington. Our goals were
to evaluate habitat attributes around gos-
hawk nests at several spatial scales and over a
large geographic region that would be char-
acterized by different forest types, forest con-
ditions, land ownerships, and management
histories. By comparing these attributes
between active nests and random sites, we
sought to develop a model that could pro-
vide a basis for predicting the distribution of
suitable nest sites across these landscapes.
In this context, we define habitat suitability
in terms of the likelihood that a site would
be selected for nesting based on (1) forest
stand attributes and (2) the abundance and
spatial distribution of stages of forest stand
development at landscape scales ranging
from 1 to 170 ha. We conclude with case
studies illustrating how our model can be
integrated with geographic information sys-
tems and forest growth models to evaluate
(1) the effects of various silvicultural pre-
scriptions on nestssite suitability over time
and (2) the suitability of landscapes for nest-
ing, in terms of the abundance and distribu-
tion of sites.

Acknowledgments—We are indebted for
the cooperation of: E. Duremas, M. Jackson,
R. Stewart, and W. Watkins of the Fremont
National Forest, K. Haines and L. Knotts of
the Malheur National Forest, R. Anderson,
A. Blumton, R. Ghormley, S. Lisle, B. Mason,
and C. Mennell of the Wallowa-Whitman
National Forest, P. Garvey-Darda and J.
Richards of the Wenatchee National Forest,
J. Jones, S. Kleinschmidt, B. Messinger, T.
Quinn, and B. Ripley of Boise Cascade Cor-
poration, L. Hicks of Plum Creek Timber
Company, E. Arnett of Weyerhaeuser Corpo-
ration, S. Finn and L. Stream of the Wash-
ington Department of Fish and Wildlife,
the Washington Department of Natural
Resources, and the Yakima Resource Man-
agement Cooperative. S. Daw, S. Desimone,
S. Finn, and T. Fleming provided valuable
data, time, and discussion during the course
of this study. T. McDonald and D. Rosen-
berg provided valuable insight into logistic

regression analyses. T. Maan conducted the
classification and regression tree analyses, J.
Vander Ploeg simulated forest responses to
silvicultural prescriptions for the Washing-
ton case study. B. Patel developed the mov-
ing window landscape assessment under
contract with Boise Cascade Corporation. J.
Citta, K. Kistler, A. Krawarik, and S. Meiman
served as field assistants. R. Anthony provid-
ed valuable comments and guidance. The
manuscript benefited from constructive
reviews by D. E. Andersen, P. L. Kennedy, K.
Titus, W. C. McComb, R. T. Reynolds, and D.
L. Verbyla. This research was conducted
with cooperation of the Oregon Cooperative
Wildlife Research Unit, the National Coun-
cil for Air and Stream Improvement, Boise
Cascade Corporation, and the U. S. Forest
Service.

STUDY AREAS

Four study areas were located east of the
crest of the Cascade Mountains in Oregon
and Washington: Central Washington,
Northeast Oregon, and the Malheur and
Fremont National Forests (Fig. 1). Goshawk
nests and random sites occurred in a variety
of forest types and landscape conditions
within these areas, which were administered
by state and federal agencies as well as by sev-
eral private forestry companies.

The Central Washington study area was
on the east slope of the Cascade Mountains
surrounding Cle Elum, Washington. Forests
were managed by the Cle Elum Ranger
District of the Wenatchee National Forest,
Washington Department of Natural
Resources, Plum Creek Timber Company,
and Boise Cascade Corporation. This area is
located in the North Cascades, Cascades,
and Eastern Cascade Slope provinces
(Franklin and Dyrness 1973; Fig. 1). This
study area encompassed 2,665 km? of land
capable of growing forests. Topography
ranges from greatly undulating to moderate-
ly hilly. Elevations range from 600-1,800 m.
Precipitation has averaged 50 cm per year
(Franklin and Dyrness 1973). Forested lands
were dominated by conifers, including
Pacific silver fir (Abies amabilis), subalpine fir
(A. lasiocarpa), grand fir, western larch (Larix
occidentalis), Engelmann spruce (Picea engel-
mannii), white pine (Pinus monticola), lodge-
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Figure 1. Location of four study areas in eastern Oregon and Washington from which goshawk nests and random sites were
sampled, 1994-1995. There were 14, 27, 20, and 21 goshawk nests in the Central Washington, Northeast Oregon, Malheur,
and Fremont study areas, respectively, and 20, 25, 25, and 25 random sites, respectively. Boundaries of ecological provinces
are after Franklin and Dyrness (1973).
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pole pine (P. contorta), ponderosa pine,
Douglas-ir, western red cedar (Thuja plica-
ta), and western hemlock (7Tsuga heterophylla;
Franklin and Dyrness 1973). Silvicultural
practices were predominately even-aged
near the Cascade crest, but predominately
selection harvests on lower elevation, drier,
flatter sites.

The Northeast Oregon study area includ-
ed lands administered by the Wallowa-Whit-
man National Forest, Boise Cascade Corpora-
tion, and R-Y Timber Company totaling 5,547
km? of land capable of growing forests. This
area is located in the Blue Mountains
province (Fig. 1) and included several moun-
tain ranges separated by faulted valleys and
synclinal basins causing highly variable topo-
graphic relief, from moderate to steep slopes.
A mosaic of forest types occurred inter-
spersed with grasslands throughout the study
area (Franklin and Dyrness 1973). Elevations
range from 500-2,900 m, and precipitation
has averaged 40 cm annually (Franklin and
Dyrness 1973). Forests were dominated by
ponderosa pine, lodgepole pine, grand fir,
subalpine fir, and an abundance of mixed
conifer types (e.g., ponderosa pine, Douglas-
fir, grand fir, and western larch). Silvicultural
practices included a variety of even-aged and
uneven-aged management practices (e.g.,
clear cut, thinning from below, overstory
removal, shelterwood harvests, and single-
tree and group selection).

The Malheur study area was located on
the Bear Valley Ranger District of the
Malheur National Forest, immediately south
of John Day, Oregon, in the Blue Mountains
province (Fig. 1). This area encompassed
1,170 km? of land capable of growing forests.
Elevations range from 1,300-2,000 m, with
topography typified by hills and moderately
steep drainages. Precipitation has averaged
35 cm annually (Franklin and Dyrness 1973).
A mixture of forest types occurred, includ-
ing ponderosa pine, Douglasfir, grand fir,
western larch, lodgepole pine, mixed
conifer stands, and mountain-mahogany
(Cercocarpus ledifolius; Franklin and Dyrness
1973). Additionally, the Malheur study area
surrounds a large 23,500-ha nonforested val-
ley (Daw 1996). Silvicultural practices were
typified by even- and and uneven-aged man-
agement (e.g., overstory removal and group
selection).

The Fremont study area included the
Fremont National Forest and surrounding
lands owned by Weyerhaeuser Corporation
in south-central Oregon, encompassing a
total of 3,993 km? of land capable of growing
forests (Fig. 1). This area is located primari-
ly on the Eastern Cascade Slope and charac-
terized by fault-blocked mountains and ele-
vations ranging from 1,200-2,500 m. Much
of the area has rolling topography with low
relief. Precipitation has averaged approxi-
mately 35 cm annually and supported a
diversity of tree species, including pon-
derosa pine, sugar pine (P. lambertiana),
lodgepole pine, Douglas-fir, grand fir, white
fir (A. concolor), quaking aspen (Populus
tremuloides), juniper (Juniperus spp.), and
incense cedar (Calocedrus decurrens; Franklin
and Dyrness 1973). Silvicultural practices
included even-aged (i.e., clear cuts) and
uneven-aged (e.g., group selection harvests)
management practices.

METHODS

Our objectives were to evaluate goshawk
nest habitat selection at multiple landscape
scales (sensu Johnson 1980), and develop a
resource selection probability function
(RSPF; Manly et al. 1993). To achieve these
objectives, we developed a hierarchical
process of data collection, classification, and
analysis that was applied independently in
each study area. We examined habitat at
scales relevant to the nest tree, nest stand,
and post-fledging area (Reynolds et al. 1992).
Each scale was characterized by its physio-
graphic, vegetative, and structural condi-
tions. Because the four study areas represent
different ecological provinces (Fig. 1;
Franklin and Dyrness 1973), land ownership,
and harvest histories, a structurally-based
habitat classification scheme was developed
to capture how goshawks might perceive
these diverse environments. To ensure that
stages of stand development were correctly
assigned, a large scale ground-truthing
process was implemented (McGrath 1997).
After all data were collected, univariate statis-
tics were used to describe each landscape
scale and to reduce data for aiding multivari-
ate model development. Classification and
regression tree (CART) analysis (Breiman et
al. 1984) was used to develop a vegetative
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8 WILDLIFE MONOGRAPHS

classification for each landscape forested
stage of stand development, and logistic
regression was used to develop a multiscale
RSPF, based on the landscape composition
and structure at each scale. These proce-
dures are described in detail below.

Design

We employed a use-versus-availability
design (Marcum and Loftsgaarden 1980) to
test the null hypothesis that goshawk nesting
habitat does not differ from available habi-
tat. We assumed the range of habitat sur-
rounding our sample of goshawk nests was
representative of conditions surrounding
nests in the larger goshawk population.
Most of the landscape scales at which the
null hypothesis was tested corresponded to
scales considered relevant to goshawk habi-
tat use. These scales consisted of concentric
circles centered on trees where goshawks
were known to have incubated eggs, and
around randomly-located sites, and corre-
sponded to: (1) a nest tree; (2) a 1-ha nest
site (radius = 56 m; hereafter referred to as
I-ha nest site); (3) a 10-ha nest “stand”
(radius = 178 m; hereafter referred to as 10-
ha landscape; after Reynolds et al. 1992); (4)
a 30-ha landscape (radius = 309 m) corre-
sponding to the mean area utilized by fledg-
lings prior to hard-penning of flight feathers
(after Kenward et al. 1993); (5) a 60-ha land-
scape (radius = 437 m) corresponding to the
area within which Woodbridge and Detrich
(1994) correlated a high reoccupancy rate
for nest clusters; (6) an 83-ha allometric
postfledging area (APFA; radius = 514 m)
based on body size (after Holling 1992); (7)
a 120-ha landscape (radius = 618 m) which is
near the maximum observed range of nest
clusters (Woodbridge and Detrich 1994); (8)
an arbitrary 150-ha landscape (radius = 691
m) corresponding to a mid-scale between
120 ha and a 170-ha postfledging area
(PFA); and (9) the 170-ha PFA scale (after
Kennedy et al. 1994; radius = 736 m). Use of
the terms “landscape” and “landscape-scale”
denote the suite of habitat conditions (i.e.,
patch characteristics) present within con-
centric circles extending from 10- to 170-ha.

In the absence of an empirical PFA esti-
mate for the Interior Northwest, an analyst
can only use empirical estimates for the PFA
from other areas, or alternatively, an allo-

metric relationship to predict the appropri-
ate scale for the PFA. We decided to use
both of these approaches, by using an allo-
metric relationship and an empirical esti-
mate from another mixed conifer forest
(i.e., north-central New Mexico). To
account for possible environmental differ-
ences between the Interior Northwest and
the region where current PFA estimates have
been previously described (Kennedy et al.
1994), the 83-ha allometric PFA (APFA) was
derived from the generalized relationship of
body mass to home range size (Holling
1992). The average mass of 103 female
goshawks (Dunning 1984) was used to calcu-
late the allometric home range size for a
breeding female goshawk (Holling
1992:473). To be consistent with PFAs
derived from radiotelemetry, the allometric
home range was multiplied by 0.318, the
ratio of core area to home range size
(Kennedy et al. 1994:78), to yield the APFA.

The 170-ha PFA was the largest landscape
scale analyzed because it is believed to con-
tain the habitat components necessary for
fledged young to learn hunting skills and
provide cover for concealment from preda-
tors before juvenile dispersal (Reynolds et al.
1992, Kennedy et al. 1994). However, as
defined by Kennedy et al. (1994), the PFA is
a portion of the larger breeding season home
range that also contains the goshawk’s forag-
ing area, and may vary in size from 2,000 to
19,500 ha (Reynolds et al. 1992, Iverson et al.
1996). Although we employ concentric cir-
cles rather than telemetry locations, and our
largest scale, the PFA, constitutes <10% of
the potential foraging area, the PFA is appro-
priate because it includes the nest stand and
represents habitat conditions most likely to
influence survival during the fledgling-
dependency period. Lehmkuhl and Raphael
(1993) compared habitat patterns in actual
home ranges with concentric circles around
owl nests and found the conditions to be
comparable. Breeding density of most rap-
tor species is contingent upon 2 factors: food
supply and nest sites (Newton 1979:61). In
areas where prey are abundant and available
but few suitable nest sites are present, there
typically are many “surplus” birds that are
nonbreeding and nonterritorial. When nest
sites do become available, these surplus indi-
viduals establish territories and breed
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GOSHAWK HABITAT IN THE INTERIOR NORTHWEST ® McGrath et al. 9

(Newton 1979). Conversely, breeding densi-
ty can also be limited by territoriality, even if
prey abundance and nest sites are not limit-
ing factors. Thus, understanding how PFA
habitat conditions relate to the suitability of
potential nest sites is important for territorial
species, such as the goshawk, which utilize
alternate nest sites within a territory over
time.

Data Compilation

Active goshawk nest sites in this study
were identified through various methods,
including protocol surveys (Kennedy and
Stahlecker 1993) of historic territories and
extensive land tracts (DeStefano et al. 1994,
Finn 1994, Daw 1996), forest stand invento-
ries, and incidental discoveries by forest
workers. Goshawk nests were located by per-
sonnel from the Oregon Cooperative
Wildlife Research Unit, Washington Depart-
ment of Wildlife, U. S. Forest Service, private
companies, and project staff from 1992-1994
(Fig. 1). All nests in this study were known
to have been used by an incubating female
in 1994. By using nests located through a
variety of methods, nests included in this
study may not comprise a completely ran-
dom sample of all goshawk nests in the study
areas. However, they do document a range
of conditions in which goshawks nest over a
large geographic region. Furthermore, Daw
et al. (1998) found no within-stand habitat
bias among goshawk nests found through
systematic (n = 27) and nonsystematic (n =
22) means. Therefore, results from our 1-ha
nest site may be more representative of gos-
hawk habitat, although we recognize that
inferences from Daw et al. (1998) may not
be entirely applicable to our larger land-
scape analysis.

Productivity (i.e., number of young
fledged per active nest and per successful
nest) was determined by visiting nests in late
July 1994 and counting nestlings either just
before or just after fledging (DeStefano et
al. 1994). Reproductive terminology follows
that of Steenhof and Kochert (1982).
Because we used reproductive data from
only one year, our sample was not replicated
in time. Thus, our productivity data may not
be representative of the study areas for a
variety of reasons, such as climate, prey
abundance and availability (Kostrzewa and

Kostrzewa 1990, Penteriani 1997, Patla
1997), and “transient” nest sites (Newton
1979). Thus, our reproductive data do not
represent the temporal variation known to
occur in goshawk productivity (McClaren et
al. 2002).

For use-versus-availability analysis, charac-
teristics of available habitat were sampled for
randomly selected sites. The number of ran-
dom sites required was determined based on
1-ha nest site variability for canopy closure,
basal area, and diameter at breast height
(dbh) at goshawk nests in 1994, because
landscape-scale data had not yet been col-
lected. A sample size equation (Bell and
Dilworth 1988:173) was used to determine
the sample size required to detect a 15% dif-
ference with >90% confidence at an o = 0.05.
Ninety-five universal transverse Mercator
(UTM) coordinate pairs were randomly gen-
erated in proportion to the occurrence of
nest sites in the 4 study areas (Fig. 1), and
satisfied the following criteria: (1) the entire
170-ha landscape scale fell within a managed
forest landscape (i.e., nonwilderness), (2)
the UTM coordinate pair fell within a forest-
ed stand, and (3) no overlap occurred at the
170-ha scale with other random circles.
Locations not satisfying these criteria were
replaced with new random coordinates.
Random sites were treated identically to nest
sites in terms of data collected and collec-
tion methods, with the exception of 5 ran-
dom sites in which the 1-ha nest site was
located in young forest plantations. At these
sites, 1-ha nest site data were not collected,
but site conditions and other landscape-scale
data were collected. Habitat variables were
quantified at goshawk nest sites and random
sites in 1994 and 1995, respectively.

Nest Tree Characteristics

Nest trees were recorded to species.
Diameter at breast height, canopy position
(Smith 1986:49), and tree status (i.e., alive or
dead) were recorded for each nest tree.
Heights were measured using a clinometer
for the nest, tree, and lower extent of the live
canopy (for live nest trees). Nest location in
the tree was characterized by the ratio of
nest height to tree height (TRATIO) and
also by nest placement in relation to the
lower extent of the live canopy (i.e., live
canopy height minus nest height; hereafter
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10 WILDLIFE MONOGRAPHS

LCDIST). Tree age was determined using
an increment bore.

Nest Site Characteristics

Sites were described by general physiogra-
phy, vegetative composition, and forest
structural development. Random site UTM
coordinates were located in the field using a
Garmin GPS40™ global positioning system
(Garmin International 1994).

Physiographic Characteristics.—Physiogra-
phy recorded for each 1-ha site included ele-
vation, aspect, slope, topographic position,
and proximity to nearest change of forest
stage of stand development, water, and near-
est human disturbance (e.g., road, timber
harvest, dwellings; McGrath 1997). Eleva-
tion and proximity to water were obtained
from USGS 7.5" topographic maps. We
measured aspect with a compass and slope
(%) with a clinometer. Topographic posi-
tion was categorized as: ridge top, upper
1/3 of the slope, middle 1/3, lower 1/3,
drainage bottom, or flat. Proximities to for-
est change and human disturbance were
obtained in the field or from recent
1:12,000-1:16,000 aerial photographs.

Vegetation and Structural Characteristics—At
each nest site we recorded forest vegetation
type (McGrath 1997), stage of stand develop-
ment (after Oliver and Larson 1996), age of
dominant strata, canopy closure, basal area,
live stem density, quadratic mean diameter,
and stand density index (after Reineke 1933).
Vegetation for the 1-ha scale was classified
into 1 of 5 forest vegetation types based on
prevalent tree species: (1) ponderosa pine,
(2) mixed conifer/ponderosa pine, (3)
mixed conifer, (4) lodgepole pine, and (5)
other (McGrath 1997). Stand age was the
average number of growth rings from an
increment core taken at breast height,
obtained from 5 dominant and 5 codominant
trees within the 1-ha nest site, following Smith
(1986:49). Within the 1-ha nest site, stage of
stand development was categorized accord-
ing to Oliver and Larson’s (1996:148) four
stages of stand development (i.e., stand initi-
ation, stem exclusion, understory reinitiation,
old growth; Fig. 2) to provide structural refer-
ences characterizing the vertical and horizon-
tal complexity surrounding the nest sites.

Canopy closure, basal area, live stem den-
sity, quadratic mean diameter, and stand

Stand
Initiation

Stem Understory Old
Exclusion Reinitiation Growth

Figure 2. Stages of stand development for forested stands.
Stand initiation is characterized by young trees of various
species colonizing a site following a disturbance. Stem exclu-
sion is characterized by the absence of seedlings and saplings,
the onset of self-thinning through competition, and the begin-
ning of crown class differentiation into dominant and subordi-
nant species. Understory reinitiation is characterized by the
colonization of the forest floor by advance regeneration and the
continuation of competition in the overstory. Old growth is
characterized by the senescence of overstory trees in an irreg-
ular fashion and the growth of the understory trees to the over-
story. Diagram is adapted from Oliver and Larson (1996:149;
this material is used by permission of John Wiley & Sons, Inc.).
In this study we subdivide both stem exclusion and understory
reinitiation into high and low canopy closure stands (>50% and
<50%, respectively) for landscape scales > 1 ha.

density index were estimated using a nest-
centered concentric hexagonal sampling
design within the 1-ha nest site (Fig. 3). The
sampling design ensured equal sampling

@ Nested

® Fixed
O Canopy closure

Distances from

Figure 3. One-ha scale sampling design.
nest-centered plot to first, second, and third hexagons were
17, 34, and 51 m, respectively. Live stem density, diameter at
breast height, and canopy closure were measured at fixed-
radius plots. Nested plots include basal area and the fixed-
radius plot variables. Canopy closure was measured at all
plots using a moosehorn.
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intensity around each fixed point (nest or ran-
dom coordinates), and provided an unbiased
estimate of vegetative characteristics at the 1-
ha scale. Sampling intensity was calculated
based on data collected at pilot 1-ha sites, and
using a sample size equation for finite popula-
tions (Bell and Dilworth 1988:173) to detect a
15% difference with >90% certainty at o =
0.05. The design consisted of 7 nested plots,
18 fixed-radius plots, and 18 canopy closure
sampling points (Fig. 3). Nested plots includ-
ed a variable-radius plot for basal area, an 80-
m? fixed-radius plot to tally and record dbh
for all live trees having dbh >2.54 cm and
height >1.22 m, and a sample point to record
canopy closure. Fixed-radius plots were used
to tally and record dbh for all live trees having
dbh >2.54 cm and height >1.22 m, and includ-
ed a sample point to record canopy closure.
Canopy closure was recorded at all 18 individ-
ual sample points (Fig. 3).

We used a moosehorn (Garrison 1949,
Bonnor 1967, Bunnell and Vales 1990) to esti-
mate canopy cover, rather than a spherical
densiometer, to avoid overestimating canopy
closure (Bunnell and Vales 1990, Cook et al.
1995). Basal area estimates were obtained
from 7 variable-radius plots using a 20 basal
area factor prism. Live stem density and the
number of live trees having dbh >2.54 cm
and height >1.22 m were estimated from
fixed-radius plots. Quadratic mean diameter
for each 1-ha nest site was calculated from
diameters obtained at fixed-radius plots.

Reineke’s (1933) stand density index
(SDI) is an expression of the relationship
between mean tree size and density
(trees/ha) within a forest stand (Long
1985). This relationship has been shown to
predict density-dependent mortality for sev-
eral tree species associated with Yoda et al.’s
(1963) “self-thinning rule.” Thus, stand den-
sity index gauges the likely extent of compe-
tition among trees (Long 1985), and has
been used to illustrate stand management
prescriptions for goshawks (Lilieholm et al.
1994). After Reineke (1933), SDI was calcu-
lated for each 1-ha nest site as:

SDI = LSD(DBH,/25) 6

where live stem density is represented by

LSD, and quadratic mean diameter by
DBHy,.

Landscape Characteristics

Delineation of Landscapes—We used mirror
stereoscopes with magnification capabilities
and the most recent (1988-1994) color and
black-and-white aerial photograph stereo-
scopic pairs (1:12,000-1:16,000 scale) to
delineate forest stands within the 170-ha PFA
surrounding each goshawk nest and random
site. To prepare a meaningful analysis of
goshawk habitat across 4 divergent study
areas, delineation of the forest stands
required that: (1) stand characterization
represent how goshawk perceive their envi-
ronment, and (2) the classification system be
repeatable in different vegetative communi-
ties across study areas. Because goshawks
breed from Alaska to Newfoundland, and
south to Arizona and New Mexico
(Johnsgard 1990), we hypothesized that
goshawks do not necessarily perceive partic-
ular vegetation communities per se, rather,
they respond to vertical complexity and
stand density. Thus, we categorized stands
into 1 of 9 stages of stand development cate-
gories (after Oliver and Larson 1996) includ-
ing: (1) stand initiation, (2) high canopy
closure (i.e., >50%) stem exclusion (here-
after high stem exclusion), (3) low canopy
closure (i.e., <50%) stem exclusion (here-
after low stem exclusion), (4) high canopy
closure understory reinitiation (hereafter
high understory reinitiation), (5) low
canopy closure understory reinitiation
(hereafter low understory reinitiation), (6)
old growth, (7) wet openings, (8) dry open-
ings, and (9) water. Thus, at scales >1 ha, 6
stages of forest stand development were
used, rather than the original 4, to account
for stands with similar vertical development
but different stocking densities, which may
cause the stand to function differently for
goshawks.  Criteria for stand delineation
included crown diameters, number of visible
canopy layers, diversity of crown diameter
classes, and canopy closure (Paine 1981).
Minimum stand size was constrained by pho-
tograph scale to 2.02 ha. Polygon overlays of
the typed photographs were digitized using
Tosca software (Clark University, Worcester,
MA), then corrected for photographic dis-
tortion using control points obtained from
USGS 7.5’ topographic maps and stored in
an Idrisi database with 2-m pixel size (Clark
Laboratories, Worcester, MA). This formed
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the foundation for analysis of the habitat
conditions in the smaller landscape scales, as
these landscape scales were merely subsets of
the 170-ha PFA.

Ground-truthing—After delineating the 9
stages of stand development in each of the 4
study areas, 10% of each stage of stand devel-
opment was ground truthed via simple ran-
dom sampling to assess classification accura-
cy and to quantify structural characteristics
for each category. Classification accuracy is
agreement (%) between aerial photograph
classifications and ground measurements in
each stage of stand development. Ground
measurements provided a mean and 95%
confidence interval for variables describing
each category. Personnel conducting the
ground truthing had no prior knowledge of
the photo-typed structural classification and
based their assessment on vertical stratifica-
tion, herbaceous development, evidence of
competition, and advance regeneration
(Oliver and Larson 1996). Plots established
for ground-truthing were placed systemati-
cally along a single straight line aimed at
capturing maximum diversity within a stand.
These plots alternated between nested and
fixed-radius plots, with a minimum of 50 m
between nested plots. Nested plots consisted
of one 20-factor prism plot and one 80-m?
fixed-radius plot. Due to a western spruce
budworm (Choristoneura occidentalis) epidem-
ic in Northeast Oregon, there were difficul-
ties with habitat classification. However,
these problems were rectified with detailed
ground inspections (McGrath 1997).

Landscape Variables—We collected infor-
mation on 14 variables at each landscape
scale >10-ha surrounding each nest and ran-

dom point: percent of the landscape in each
of the 9 stages of stand development (%
LAND), and 5 fragmentation metrics (Table
1). Landscape composition variables were
selected to evaluate association between gos-
hawk nests and individual stages of stand
development. The two contrastweighted
edge density variables were selected to evalu-
ate whether goshawks were selecting land-
scapes based on edge density between struc-
tural categories or differences in canopy
closure. Mean nearest neighbor distance
was selected to evaluate preference for prox-
imity between stands of the same type.
Simpson’s evenness index was selected to
evaluate whether goshawks prefer land-
scapes dominated by single structural stages
or landscapes where the structural stages
present are equally abundant. Contagion
was selected to evaluate preference for large
blocks of habitat or dispersed, fragmented
landscapes. Values for each variable were
generated with FRAGSTATS 2.0 (McGarigal
and Marks 1994) on an Idrisi image of each
landscape scale. Homogeneity of cover
types at the 10- and 30-ha scales precluded
meaningful analysis of fragmentation met-
rics at these smaller scales.

Univariate Analyses

We tested for differences in each continu-
ous variable between active nests and ran-
dom sites at all landscape scales using two-
sample ttests (Zar 1984:126). The univariate
analyses primarily served as a data reduction
process for the multivariate analysis, identify-
ing variables most important to the model-
ing process (Hosmer and Lemeshow 1989).
At the 1-ha nest site, we analyzed differences

Table 1. Fragmentation metrics calculated from Fragstats 2.0 (McGarigal and Marks 1994) for each landscape-scale >10-ha sur-
rounding goshawk nests and random points in eastern Oregon and Washington, 1994-1995.

Fragmentation Metric Definition

CWED 2: structure

The sum of the lengths of each edge segment in the landscape multiplied by the

corresponding contrast weight for forest structure, divided by total landscape area.

CWED: canopy closure
Mean nearest neighbor

Same as above with weights based on canopy closure.
Average distance to the nearest neighboring stand of the same type, across all types,

for those stand types with a neighbor of the same type.

Simpson’s evenness index
the landscape.
Contagion

A measure of the proportional abundances of forest structural categories present in

A measure of the proportional abundances of each stand type and their interspersion

and juxtaposition in the landscape.

2 Contrast-weighted edge density (McGarigal and Marks 1994).
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in aspect (i.e., circular data) using the
Rayleigh test (Batschelet 1981) for nonran-
domness, and a two-sample test of angles
(Zar 1984:446) for differences between nests
and random sites. In the two-sample test we
calculated the mean angle, angle deviation,
and length of the mean vector. Each vari-
able was screened for normality and homo-
geneity of variance and transformed when
necessary. We used the natural log transfor-
mation to correct for variance heterogeneity,
square-root transformation to correct for
skewness, and arcsine square-root transfor-
mation for proportion data. We used o <
0.10 to denote significant differences
between active nests and random sites.
Results obtained from transformed versus
nontransformed data did not differ; there-
fore, all results presented here were derived
from analysis of nontransformed data.

For categorical variables (i.e., stage of
stand development, forest vegetation type,
and topographic position), we used a chi-
square test of homogeneity (o0 = 0.10) with
Bonferroni simultaneous confidence inter-
vals (o0 = 0.05) to test the hypothesis that
goshawks selected habitat at the 1-ha nest
site in proportion to its availability (Marcum
and Loftsgaarden 1980).

We used ANOVA to test for differences in
nest productivity (i.e., number fledged)
among habitats at each landscape scale. We
used a chi-square test of homogeneity to test
for differences in categorical data. The null
hypothesis was that nest productivity did not
vary with landscape composition and frag-
mentation. Where the expected cell counts
for chisquare analyses were <5, number
fledged was adjusted to indicate sites that
fledged <1 or >2 young. All univariate tests
were performed using TTEST, FREQ, and
GLM procedures in SAS (SAS Institute Inc.
1988).

Tests for differences in nest tree charac-
teristics included dbh, tree age, and species.
Two-sample ttests were used to compare
dbh and tree age, and a chi-square test of
homogeneity compared tree species used for
nesting and available at random sites.
Because sampling for 1-ha characteristics
was centered on a goshawk nest tree or ran-
dom site UTM coordinates, a tree whose dbh
was at least the minimum goshawk nest tree
dbh was randomly selected from the center

vegetation plot (Fig. 3) for comparison with
goshawk nest tree dbh. Additionally, a tree
from each random site was randomly select-
ed from among those aged with an incre-
ment core for comparison with goshawk nest
tree age and species.

Multivariate Analyses

For multivariate analysis we employed
classification and regression tree analysis
and logistic regression. CART was used to
develop models for predicting stage of stand
development based on structural attributes
within forest stands. Logistic regression was
used to distinguish occupied nest sites from
random sites at the various landscape scales
based on habitat variables. We used logistic
regression because it does not require the
assumption of multivariate normality (Press
and Wilson 1978), and because it can accom-
modate categorical and continuous vari-
ables. Logistic regression allows for analysis
of first-order interactions among significant
main effects, tests for study area effects, and
tests for first-order interactions among main
habitat effects and study areas (i.e., to
account for geographic differences in the
main-effect habitat variables).

Classification and Regression Tree—CART
analysis is a nonparametric technique.
When applied to a grouped, multivariable
data set, it produces binary decision criteria
in the form of a decision tree. Classification
and regression trees can be used to assemble
an accurate classifier or to uncover the pre-
dictive structure of data (Breiman et al.
1984, De’Ath and Fabricius 2000). We used
CART to reveal influential forest stand char-
acteristics to determine stage of stand devel-
opment using each stand’s basal area,
DBHQ, and tree densities in six diameter
classes. Construction of the CART decision
tree was based on an algorithm that divided
the data set into descendent binary subsets
(i.e., nodes) such that composition of the
resulting subsets were “purer” than the data
in the parent set. The decision tree was so
constructed until each subset, or node,
could no longer be split, thus resulting in
terminal nodes. Once constructed, the tree
was pruned to rectify any overfitting that had
occurred without sacrificing goodness-of-fit.
We employed S-Plus software (Mathsoft, Inc.
1997) to prune classification trees using a
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cost-complexity measure, whereby the
appropriate decision tree size was deter-
mined as a function of the amount of
deviance (i.e., a measure of the residual dis-
tance between fitted and observed values)
reduced with each unit increase in decision
tree size (Clark and Pregibon 1992).
Classification accuracy of the pruned tree
was evaluated as the proportion of correctly
classified observations. Our pruned tree was
jackknifed (Verbyla and Litvaitis 1989) to
evaluate the robustness of its decision crite-
ria. Nodes and decision variables of the
CART analysis were held constant during the
jackknifing so that variation in the decision
criteria and resultant classification could be
ascertained.

Logistic Regression.—Logistic regression
describes how a binary response variable is
associated with a set of explanatory variables.
In our study, the binary response values were
“1” for active goshawk nests and “0” for ran-
dom sites. The mean of this binary response
results in a probability, bounded between 0
and 1 (Hosmer and Lemeshow 1989).
Therefore, in our study a logistic regression
model specifies that the probability of a site
being a goshawk nest or random site is relat-
ed to a regression function of explanatory
variables. In this context we define nest
habitat quality as the probability of a site
being selected for nesting, based on the
logistic regression function.

In habitat use and availability study
designs, “random” sites cannot be confirmed
as “notused” and thus it is possible that
some randomly sampled sites actually
included goshawk nest habitat. Therefore,
the binary response is no longer a discrete
“yes” or “no.” Under this circumstance
Manly et al. (1993) recommend calculating a
RSPF, based on values of the logistic regres-
sion coefficients, to compensate for possible
inclusion of used (i.e., goshawk) habitat in
the random sample. The RSPF, as described
by Manly et al. (1993:126-127,129), is:

RSPF=exp[-In(P,/P,) + Bo + Brxy +...t Bpyl,

where RSPF represents the resource selec-
tion probability function, xy,... , x, are the p
variables in the logistic regression equation;
Bos--- » Bp are the p + 1 logistic regression
coefficients; P, is an estimate of the propor-

tion of used sites selected as goshawk nests;
P, is the proportion of the available land-
scape selected as random sites; and the RSPF
is manifest in an exponential distribution
(i.e., RSPF > 0). Because goshawks must
select their sites from the same population
of available sites, inclusion of P, and P, in
the RSPF adjusts the intercept term (By) to
account for proportions of the goshawk pop-
ulation and number of available sites sam-
pled. The remainder of By in the RSPF rep-
resents proportions of the goshawk popula-
tion and available habitat not sampled,
thereby accounting for possible inclusion of
used habitat in the random sample.

An estimate of the number of goshawk
territories present within all four study areas
was necessary to calculate P,. We used exist-
ing estimates for active territory densities
that were derived from protocol surveys in
which all habitats were surveyed equally
(DeStefano et al. 1994, Finn 1995; Table 2).
Thus, an active territory, by this definition, is
one where nesting was attempted. This
yielded a range between 0.043 and 0.072
active territories/km? (i.e., 95% CI).
Average territory density (0.058 active terri-
tories/km?, SE = 0.005) was multiplied by
total forested area for all study areas
(12,611.14 km?) to yield an estimate of 730
active goshawk territories. Because we sam-
pled 82 goshawk nests from an estimated 730
active territories, P, = 0.1124 for this study.
By using territory density estimates collected
from our four study areas over a fouryear
period, inclusive of the year in which we

Table 2. Northern goshawk breeding densities for the Central
Washington, Northeast Oregon, Malheur, and Fremont study
areas, 1992-1995. Density is defined as the number of active
territories/km?.

Density
Study area survey area 1992 1993 1994 1995
Fremont 2 Paisley 0.046 0.062
Bly 0.038
Malheur @ Bear Valley East 0.088 0.066
Bear Valley West 0.086
Northeast
Oregon @ Spring Creek 0.070 0.026
Central
Washington ® Manastash 0.0425
Cle Elum River 0.0541

a DeStefano et al. (1994). ° Finn (1995).
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sampled goshawk habitat, we assumed densi-
ty estimates were representative of goshawk
populations and landscapes in our study.
Because P, modifies By only to account for
the proportion of used sites already sam-
pled, variability in territory density affects
only the resulting classification accuracy of
the RSPF (Manly et al. 1993), not the coeffi-
cients from the logistic regression. Thus, we
evaluated the effects territory density vari-
ability would have on the RSPF to account
for potential uncertainty in the territory
density estimate.

P, was calculated from the area capable of
growing forests on all study sites. We used
only land capable of growing forests to align
with the limitations imposed on random
point selection (i.e., that the UTM coordi-
nate pair fall within a nonwilderness forest-
ed stand). Thus, calculation of the propor-
tion of available sites was restricted to forest-
ed lands in the study area. The sampling
unit for random sites was 1.7 km? (corre-
sponding to the 170-ha PFA), and thus P, for
the entire study was equal to 0.0128 (i.e., [95
x 1.7 km?] / 12,611.14 km?).

Before analysis of the 1-ha data, categori-
cal variables were combined to conserve
degrees of freedom. Because no goshawk
nests were located in stand initiation stands,
a “zero cell” occurred for this category of
stage of stand development for goshawk nest
sites. Preliminary analyses indicated that
stand initiation stands should not be consid-
ered nesting habitat within the 1-ha scale;
goshawks did not nest in stand initiation
stands. Thus, to compensate for logistic
regression’s difficulties with zero cells in cat-
egorical data (Hosmer and Lemeshow
1989:84), random sites located in stand initi-
ation stands (n = 11) were removed from the
logistic regression analysis so that only struc-
tural conditions from which goshawks likely
select nest sites would be analyzed. Aspect
was converted into 8 categories (i.e., N, NE,
E, SE, etc.). We reduced categorical vari-
ables such as aspect, topographic position,
and forest vegetation type, from multiple
indicator variables to a single indicator vari-
able consistent with each variable’s structure
and relation to selection by goshawks using
the method of Ramsey et al. (1994:194).
This procedure conserves degrees of free-
dom while maintaining data structure.

Models.—Several logistic regression mod-
els were constructed to differentiate
between available habitat and habitat associ-
ated with active goshawk nests. These
included: (1) a 1-ha nest site model based
on the vegetation data collected at that scale,
(2) a model for each landscape scale >10 ha
based on the stages of stand development
and fragmentation metrics present at each
scale, and (3) several models that integrated
habitat across multiple landscape scales
simultaneously.

Multiple-scale models considered a “base”
landscape scale (e.g., 10-ha) with each subse-
quently larger landscape scale represented
by the area and habitat conditions spatially
unique to each (Fig. 4). This “ring” method
of model construction allowed us to quanti-
fy the additional predictive power associated
with increasing the analysis area. It also
allowed consideration of scale-dependent
relationships (i.e., selection of nest site and
nest stand may involve different factors than
for the PFA surrounding them). For each
predictor variable, its values within a given
ring are independent of its values in other
rings. Therefore, spatial autocorrelation
can be reduced, and the unique contribu-
tion of each spatial scale can be estimated
(Ramsey et al. 1994).

Model Construction.—Transformed vari-
ables were screened for inclusion using a
two-sample #test at each landscape scale.
Variables with Pvalues <0.25 were retained
for the multivariate analysis because more
restrictive levels may fail to identify poten-
tially important variables (Hosmer and
Lemeshow 1989:86). Variables meeting this
criterion were screened for correlation. We
used simple linear regression to describe
relationships between highly correlated vari-
ables. Highly correlated variables (> +0.70)
were compared using univariate logistic
regression, and the variable explaining the
greater deviance was retained for multivari-
ate analysis. In single-landscape-scale logis-
tic regression models, a “manual” stepwise
procedure was used to analyze the remain-
ing untransformed variables. For multiple-
landscape-scale models, a “manual” forward
selection procedure was used in which the
model was constructed from the smallest
landscape scale outwards, adding variables
from each successive ring after controlling
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Figure 4. Scales of analysis >10 ha surrounding goshawk nests and random sites in eastern Oregon and Washington,
1994-1995. Each landscape scale is shown in relation to other scales (A). Landscape scales were analyzed as both individual
landscapes (i.e., circular areas) and as habitat “rings,” in which the habitat conditions unique to each scale were analyzed (B).

for variables at smaller scales (Ramsey et al.
1994). For a variable to enter or leave a
model, the resulting difference in AIC values
had to be >2 or <2, respectively (Burnham
and Anderson 1998). We used “manual”
procedures to control selection of variables
exhibiting borderline significance for bio-
logical interpretation.

After identifying significant main-effects
for each logistic regression model, we tested
for study area effects by adding 3 indicator
variables for study area (with Central
Washington as the reference) to the model
simultaneously. If a study area effect was
detected (i.e., P < 0.1, from a drop-in-
deviance test), the variable reduction
method for categorical data (Ramsey et al.
1994:194) was used to determine the study
area(s) responsible for the effect, while con-
trolling for significant main effects. As a
result, potentially divergent habitat condi-
tions among study areas could be identified.
We then expanded the model to include all
first-order interactions among the signifi-
cant main-effects and study area indicator
variables, and AIC was then used to deter-
mine if any interactions explained a signifi-
cant amount of model deviance. Only inter-

actions that significantly reduced model AIC
(i.e., >2) were retained. Models within 2 AIC
units of each other were treated as “compet-
ing” models because of the similarity of
information explained by each model
(Burnham and Anderson 1998).

Cross-validation.—After logistic regression
models were constructed, the model having
the lowest AIC value was selected as the best
landscape-scale discriminator between nest
sites and random sites. After the best land-
scape-scale model was selected, the probabil-
ity value that produced the highest classifica-
tion accuracy was estimated with data used
to construct the model. We term this the
probability breakpoint, and its estimated
value was derived by dividing the total num-
ber of correctly classified nests and random
sites by the total number of observations (n
= 177) for each estimate of probability. This
estimated probability was then used as the
breakpoint to discriminate between goshawk
nests and random sites.

After we estimated the probability break-
point to discriminate nest sites from random
sites, we began a cross-validation procedure
consistent with our objective of developing a
regional goshawk habitat model, by testing a
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model with data including the variability
inherent in all study areas. Conducting a
cross-validation of the model with data from
a separate study area would be inconsistent
with our objective because the habitat selec-
tion expressed in the RSPF could be incon-
sistent with geographic variation and differ-
ences in available habitat conditions in a sep-
arate study area (Mosher et al. 1986). Thus,
we evaluated the classification accuracy of
the selected model using bootstrap cross-val-
idation (Verbyla and Litvaitis 1989). A sim-
ple random sample (10%) of all goshawk
nests (n =9) and random sites (n = 10) was
used to cross-validate, via 1,000 iterations.
Where, for each iteration, a 10% random
sample was removed, parameters were esti-
mated using the remaining 90% of the data,
and the subsequent estimates were tested
with the 10% random sample.

Management Applications

Habitat suitability models are ultimately
intended for use in management. We envi-
sion two relevant management applications
of our model for which scale-dependent
effects can be important: (1) evaluating the
influence of proposed silviculture on the
suitability of specific sites (e.g., existing nest
sites) over time, and (2) evaluating the suit-
ability of large landscapes in terms of abun-
dance and distribution of suitable nest sites.
Although the models are also relevant to
predicting the influence of proposed silvi-
culture on large landscapes, we refrain from
doing so here because modeling the future
habitat conditions as a response to the
growth of a landscape is beyond the scope of
our study.

Site-specific Forest Growth Simulation.—To
illustrate model application in this manage-
ment context, we used forest inventory data
for previously unquantified goshawk nests in
our Central Washington and Northeast
Oregon study areas. In these illustrations we
applied our best landscape-scale model to
evaluate how six standardized silvicultural
prescriptions (three unique prescriptions
for each site) would influence nest-site suit-
ability based on stand-level simulations of
forest growth using regional variants of the
Forest Vegetation Simulator (FVS, after
Wykoff et al. 1982). First, we evaluated each
prescription separately because each pre-

scription results in somewhat unique forest
stand dynamics over time. By comparing
results of the three prescriptions for each
nest, a fourth prescription was developed to
better maintain nest site suitability over a
100-year period, regardless of economic fea-
sibility. The FVS model’s (Wykoff et al.
1982) effectiveness in simulating forest
growth has been evaluated (Stage and
Renner 1988). For an average prediction
length of 38.9 years, the model on average
slightly underestimates annual basal area
growth (n =102, mean = 0.3 m? ha!, SD =
4.02) and quadratic mean diameter (n =102,
mean = 0.28 c¢cm, SD = 1.52; Stage and
Renner 1988).

The three initial prescriptions for Central
Washington were (1) no-harvest, (2) a com-
mercial thin, and (3) a specific prescription
that is routinely applied around northern
spotted owl nest sites in this study area by the
forest industry (G. Roloff, Boise Cascade
Corporation, unpublished data). The no-
harvest prescription allows trees to grow
without management intervention. The
commercial thin prescription varied by
Daubenmire habitat type (Daubenmire and
Daubenmire 1968) and forest cover type
(Table 3). The owl prescription thinned
trees to different densities, depending on
the diameter class (Table 4). During simula-
tion, natural regeneration and tree mortality
functions were enabled, and planting was
user-dictated at standard spacing. Simula-
tions were monitored at 10-year intervals
over a 100-year planning horizon.

Initial prescriptions for the Northeast
Oregon case study were (1) no harvest, (2)
commercial thinning without pre-commer-
cial thinning (PCT), and (3) commercial
thinning with PCT. Stand attributes were
monitored at 10-yr intervals, with commer-
cial thinning triggered at any interval when
a stand’s total basal area stocking was >60%
of its potential maximum. When invoked in
the FVS, the commercial thinning regime
was programmed to “thin from below” (i.e.,
preferentially cut smaller trees first, and irre-
spective of species) those trees >20.32 cm
dbh, to a target basal area stocking equal to
40% of the site potential (i.e., grow the stand
to 60% of its basal area potential, then cut to
40% of potential, by thinning from below
from an initial dbh of 20.32 cm). The PCT
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Table 3. Commercial thinning prescriptions for forest growth simulation in central Washington. A harvest was initiated if a stand

had >174.42 m%ha (15,000 board ft/ac).

Conditions required for harvest

Forest DBH size Stand age
cover type 2 class (cm) (years) Trees/ha Action Goal Consequences Putpose
Douglas-fir/ >20.3 >60 >197.68 in (1) Thin from (1) Leave If goal (1) not To release
elk sedge <25.4 cm below <17.8 cm >274.3 met, thin from trees in 20.3—
dbh class. dbh class. trees/ha. above in 20.3- 25.4 dbh
{2) Thin from (2) Leave 25.4 cm dbh class with the
above in >25.4  9.88 trees’ha.  class to meet the initial thin
cm dbh class. desired goal. from below.
Douglas-fir, >20.3 >60 >247.1in (1) Thin from (1) Leave If goal (1) not To release
ponderosa <25.4 cm below <17.8 cm 323.7 met, thin from trees in 20.3—
pine, or dbh class. dbh class. trees/ha. above in <25.4 25.4 dbh
Engelmann (2) Thin from (2) Leave dbh class to meet  class with the
spruce above in >25.4  9.88 trees/ha. desired result. initial thin
cm dbh class. from below.
Grand fir, >20.3 >60 >308.9 in (1) Thin from (1) Leave If goal (1) not To release
cedar, <25.4cm below in 12.7 to 360.77 met, thin from trees in 20.3—-
subalpine fir, dbh class. 17.8 cm dbh trees/ha above in 20.3— 25.4 dbh
hemlock, or class. (2) Leave 25.4 cm dbh class with the
whitebark (2) Thin from 9.88 trees/ha.  class to meet the initial thin
pine above in >25.4 desired goal. from below.

dbh class.

2 Daubenmire and Daubenmire (1968) habitat types.

strategy utilized the same strategy for com-
mercial thinning, but additionally moni-
tored the density of trees 2.54 to 15.24 cm
dbh, periodically invoking pre-commercial
thinning to reduce the density of trees with-
in this range to a target of 371 trees per
hectare.

Tree-diameter distributions (12.7 cm
increments) that were output by the simula-
tion were assigned stage of stand develop-
ment classes using the CART analysis. The
CART-classified forest structures were then
transferred to an Idrisi image and the site’s
landscape attributes were analyzed using
FRAGSTATS. These attributes were then

Table 4. Spotted owl prescription for forest growth simulation
in central Washington. A harvest was initiated if a stand had
>139.54 m%ha (12,000 board ft/ac), consisting of trees >20.32
cm dbh.

DBH size

class (cm) Action Goal

>50.8 thinning from above leave 12.36 trees/ha
40.6-48.3 thinning from below leave 49.42 trees/ha
30.5-38.1 thinning from below leave 61.78 trees/ha
17.8-27.9 thinning from below leave 370.65 trees/ha

used to generate the RSPF habitat model at
10-year intervals.

Landscape Assessment.—The RSPF consists
of logistic regression coefficients for vari-
ables, an estimate of the proportion of sites
selected as goshawk nests (P,), and an esti-
mate of the proportion of the available land-
scape selected as random sites (P,). For pre-
dicting the probability of goshawk nesting at
discrete points in the landscape, P, and P,
must be based on an empirical sample of
goshawk nests, an estimate of potential habi-
tat, and an estimate of goshawk territory
density. Conversely, if one considers the
entire landscape as a continuous sample of
points (or map pixels) in a “moving window”
assessment, P, and P, no longer provide a
legitimate estimate of used to available sites
because the sample points are no longer
independent (i.e., the windows overlap).
This does not negate the utility of the RSPF
model for use on continuous samples, but it
can no longer be viewed as an absolute prob-
ability of goshawk nesting. However, the
logistic portion of the equation can still be
used as a relative probability of nest site
potential (Erickson et al. 1998). This
distinction between absolute and relative
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probabilities is important because most
resource management agencies have sparse,
discontinuous data on nest site locations and
territory density (U.S. Fish and Wildlife
Service 1998), and thus their ability to accu-
rately portray P, and P, is often limited. We
developed a framework for using our best
model to conduct landscape assessments in
the absence of P, and P, estimates. Our
exercise is limited to assessing potential nest-
ing habitat, and the model is not spatially
explicit with respect to inter-territory spac-
ing among goshawks.

To illustrate this application, we applied
the model to a 48,000-ha landscape in
Central Washington (see the Study Area
Description section for a site description).
This involved automating the model in an
Arc/Info GIS (Environmental Systems
Research Institute, Inc., Redlands, CA), and
involved three stages: (1) compiling and for-
matting the vegetation database and map
layers used as inputs to the model, (2) com-
puting spatial metrics required by the logis-
tic function, and (3) implementing a system-
atic moving window that estimated nesting
probability for each pixel in the landscape.
Model output is an isopleth map of relative
nesting probabilities.

To use the automated model, the area to
be assessed was delineated into our 9 stages
of stand development at a minimum map-
ping unit of 2 ha (i.e., polygons <2 ha in size
were not mapped; McGrath 1997). The 2-ha
scale is compatible with maps used for forest
management, and was the minimum map-
ping unit from which the logistic function
was developed (McGrath 1997). We mapped
stages of stand development from a super-
vised classification of multispectral 20-m res-
olution SPOT satellite imagery using stan-
dard image interpretation techniques. The
final digital map categorized each image
pixel into one of seven cover types: (1)
Douglas-fir, (2) ponderosa/lodgepole pine,
(3) grand fir, (4) deciduous (including larch
and dead grand fir), (5) nonforested, (6)
water, and (7) snow; 1 of 4 density classes:
(1) open (<10% canopy cover), (2) low
(10-40%), (3) medium (41-70%), and (4)
high (>70%); and 1 of 4 structural classes:
(1) multi-storied all-aged, (2) two-storied,
young and mature, (3) one-story, young, and
(4) one-=story, mature. The SPOT data were

then remapped to a 2-ha mapping unit
based on the dominant vegetation class.
Accuracy of the landscape assessment map
was assessed by field verification of 40 sites
representing a range of mapped vegetation
conditions, without prior knowledge of
image classification. Each evaluation con-
sisted of a subjective walk-through assess-
ment of canopy closure, forest structure, and
species composition. Estimated accuracy of
the digital image based on ground-truthing
and air photo interpretation was ~80% for
cover type, ~90% for density, and ~60% for
structure.

Each mapped vegetation class was associ-
ated with a vegetation attribute file. We built
an attribute file required by the goshawk
model from two data sets. The most detailed
data consisted of a geo-referenced systemat-
ic timber cruise on 5,600 ha with 1 plot every
0.8 ha. The second data set consisted of 522
geo-referenced plots collected using a strati-
fied random sample. Because the stratifica-
tion scheme did not match the digital strata
we developed for this project, we used an
area-weighting procedure to restratify plots
into the digital classification. Using these
data sets, we were able to assign vegetation
attributes to 99% of the landscape. Sample
sizes for each image type ranged from 1 to 84
plots, with >94% of the image types repre-
sented by at least 5 plots.

The attribute file consisted of data on tree
sizes and density by 2.54 cm diameter classes
(total of 51 classes). These data were used to
classify map polygons or grid cells into stages
of stand development (sensu Oliver and
Larson 1996) using our CART model. Map
units that could not be linked to the vegeta-
tion attribute file were removed during the
spatial analysis process.

Once map and vegetation databases were
formatted and compiled, the automated
model assigned a series of spatial metrics to
each pixel. The spatial extent of the compu-
tation was constrained by the landscape
scales in our logistic regression model, cen-
tered on each pixel. The model generated
proportions of different vegetation commu-
nities and spatial metrics required for the
RSPF model. These variables were subse-
quently used as inputs to the logistic function
and each pixel in the landscape was assigned
a relative probability of nest occurrence.
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Because the landscape assessment could
be affected by the low estimated accuracy for
structure classification (~60%; e.g., multi-sto-
ried all-aged, two-storied, young and
mature), this could effect the designation of
vegetative attributes to each polygon for
analysis by the CART model, and subsequent
analysis by the RSPF model. We recognize
these limitations and stress the need for
accurate data prior to any such landscape
assessment. We include these data as a pro-
cedural case study for implementing the
RSPF model for landscape assessment.

RESULTS

By understanding the accuracy of the veg-
etation mapping and the structural attrib-
utes of each category, we attempt to provide
the appropriate context in which to view our
results and an ability to recognize the vari-
ous stand structures. Thus, we frame the
results section so the reader begins with an
assessment of data accuracy and clarification
of each stand structure’s attributes, followed
by results pertaining to univariate goshawk
habitat associations, productivity relation-
ships, followed by resource selection proba-
bility functions for goshawk nesting habitat,
and finally, their application at 2 scales in
management contexts.

WILDLIFE MONOGRAPHS

Ground-truthing

Across 9 stages of stand development
(including non-forest), aerial photo classifi-
cation accuracy averaged 76% and ranged
from 44-100% (Table 5). For stages of stand
development, classification accuracy was
highest for low understory reinitiation and
lowest for high understory reinitiation. Old
growth was misclassified 50% of the time,
either as Jow understory reinitiation (33% of
the time) or as high understory reinitiation
(17% of the time; Table 5).

Stage of Stand Development Attributes.—
Structural similarities existed among the
stages of stand development. Overlaps of
95% confidence intervals for all forest struc-
tural attributes (i.e., total basal area, basal
area by crown class, quadratic mean diame-
ter, and number of trees/ha for 6 diameter
classes) generally demonstrated the expect-
ed transitions from younger to progressively
older stages of stand development (Tables
6-8). Among high stem exclusion, high
understory reinitiation, and old growth, con-
fidence intervals exhibited extensive overlap
for total basal area (Table 6); basal area gen-
erally increased with older stage of stand
development. These patterns held true for
most structural attributes and stages of stand
development.

The pruned CART had 9 decision pathways
(Fig. 5), separating stands into 5 categories

Table 5. Accuracy matrix (proportion) for stages of stand development delineated from 1988-1994 color and black-and-white,
1:12,000-1:16,000 scale aerial photographs surrounding goshawk nests and random sites in eastern Oregon and Washington.
Accuracy was based on a random sample of ground measured stands representing approximately 10% of the stands in each
stage of stand development. All stands classified as water were correctly classified.

Ground Measurement

No. High@ Low? High Low
Aerial photograph stands Stand stem stem understory understory  Old Wet Dry
categories sampled initiation exclusion® exclusion® reinitiation reinitiation growth openings openings
Stand initiation 16 0.75 0.00 0.19 0.00 0.06 0.00 0.00 0.00
High stem exclusion 30 0.00 0.70 0.17 0.10 0.03 0.00 0.00 0.00
Low stem exclusion 17 0.00 0.06 0.65 0.17 0.12 0.00 0.00 0.00
High understory reinitiation 39 0.00 0.15 0.10 0.44 0.26 0.05 0.00 0.00
Low understory reinitiation 49 0.00 0.00 0.12 0.02 0.86 0.00 0.00 0.00
Old growth 6 0.00 0.00 0.00 017 0.33 0.50 0.00 0.00
Wet openings 11 0.00 0.00 0.00 0.00 0.00 0.00 1.00 0.00
Dry openings 22 0.05 0.00 0.00 0.00 0.00 0.00 0.00 0.95

2 The terms “high” and “low” refer to total percent canopy closure within a stand, >50% and <50%, respectively.
b Due to insect infestations in the Northeast Oregon study site, all high and low stem exclusion stands (n = 61 and 22, respec-
tively) were classified on the ground and are correctly classified. These stands are not included in the accuracy assessment.
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Table 6. Basal area and quadratic mean diameter of forested stages of stand development within 170 ha surrounding goshawk
nests (n = 82) and random sites (n = 95) in eastern Oregon and Washington, 1994-1995, from a 10% random sample of each
stand type, regardless of nest or random site classification.

Basal area (m? ha™") Quadratic mean diameter (cm)
Forest stage of
stand development n Mean SE 95% ClI Mean SE 95% Cl
Stand initiation 13 2.26 0.97 0.15-4.37 16.53 4.25 5.61-27.45
High? stem exclusion 22 27.32 1.93 23.31-31.33 29.44 1.73 25.85-33.03
Low? stem exclusion 27 19.04 1.26 16.45-21.64 30.87 1.72 27.33-34.41
High understory reinitiation 25 29.43 1.78 25.75-33.10 39.30 1.83 35.54-43.07
Low understory reinitiation 62 17.53 1.01 15.52-19.55 37.50 1.48 34.53-40.47
Old growth 5 39.86 5.37 24.96-54.76 5366  5.56 38.21-69.11

2 The terms “high” and “low” refer to the total percent canopy closure within a stand, >50% or <50%, respectively.

Table 7. Basal area (m? ha™') by crown class (Smith 1986:49) for forested stages of stand development within 170 ha surround-
ing goshawk nests (n = 82) and random sites (n = 95) in eastern Oregon and Washington, 1994-1995, from a 10% random sam-
ple of each stand type, regardless of nest or random site classification.

Forest stage of Dominant/Codominant Intermediate Suppressed

stand development n Mean SE 95% ClI Mean SE 95% ClI Mean SE 95% Cl
Stand initiation 13 1.70 076  0.03-3.36 0.14 0.14 0-045 042 025 0-0.96
High? stem exclusion 22 16.99 1.83 13.18-20.79 723 1.15 4.85-9.61 310 0.51 2.04-4.16
Low? stem exclusion 27 13.27 1.13 10.94-15.59 4.38 054 3.27-5.49 1.39 0.33 0.71-2.08

High understory reinitiation 25 2123 1.44 18.26-24.21 485 0.85 3.09-6.61 3.34 0.62 2.06-4.62
Low understory reinitiation 62 12.67 072 11.24-14.11 3.38 041 2.57-4.19 1.48 0.27 0.94-2.03
Old growth 5 27.18 4.05 15.94-38.43 955 1.85 4.41-1469 3.12 125 0-6.60

@ The terms “high” and “low” refer to the total percent canopy closure within a stand, >50% or <50%, respectively.

Table 8. Number of trees per diameter class category per ha for forested stage of stand development categories within 170 ha
surrounding goshawk nests (n = 82) and random sites (n = 95) in eastern Oregon and Washington, 1994-1995. Determined from
a 10% random sample of each stage of stand development, regardless of nest or random site classification. Number of trees per
ha calculated for the midpoint of each diameter class. For the >63.51 cm category, number of trees per ha was calculated for the
median of the diameter distribution, of the >63.51 cm diameter class, for each forest stage of stand development.

Forest stage of 0-12.70 cm 12.71-25.40 cm 25.41-38.10 cm
stand development n Mean SE 95% Cl Mean SE 95% ClI Mean SE 95% Cli
Stand initiation 13 334.6 1499 8.0-661.2 2478 14.20 0-55.7 1.78 1.21 0-4.4
High @ stem exclusion 22 1288.3 262.0 743.5-1833.1 283.97 33.03 215.3-352.7 104.82 18.55 66.2-143.4
Low @ stem exclusion 27 695.0 192.5 299.3-1090.6 200.63 26.29 146.6-254.7 71.06 8.85 52.9-89.3

High understory reinitiation 25 614.7 153.7 297.4-932.0 217.79 27.16 161.7-273.9 96.96 8.36 79.7-114.2
Low understory reinitiation 62 488.7 90.3 308.1-669.3 168.23 17.74 132.8-203.7 54.58 4.43 457-63.4

Old growth 5 290.0 183.4 0-799.1 23840 61.60 67.3409.5 102.10 39.90 0-212.9
Forest stage of 38.11-50.80 cm 50.81-63.50 cm >63.51 cm

stand development n Mean SE 95% ClI Mean SE 95% Cl Mean SE 95% ClI
Stand initiation 13 0.5 0.5 0-1.5 0.6 0.6 0-1.8 0.3° 03 0-1.0
High stem exclusion 22 26.4 48 16.5-36.3 6.1 2.0 2.0-10.3 31¢ 08 1.5-4.6
Low stem exclusion 27 20.6 3.8 12.7-285 5.1 12 2.7-75 249 08 0.8-3.9
High understory reinitiation 25 374 43 28.5-46.3 15.0 1.9 11.2-189 9.0¢ 18 5.2-128
Low understory reinitiation 62 18.4 1.8 14.9-22.0 5.8 0.8 4.3-7.3 53f 10 34-72
Old growth 5 36.7 144 0-76.7 243 43 124-36.3 2359 58  7.4-39.6

@ The terms “high” and “low” refer to the total percent canopy closure within a stand, >50% or <50%, respectively.
b > 63.51 cm diameter class median diameter at breast height (DBH) = 77.7 cm.

¢ > 63.51 cm diameter class median DBH = 70.1 cm. 9 > 63.51 cm diameter class median DBH = 73.2 cm.

€ > 63.51 cm diameter class median DBH = 74.7 cm. ' > 63.51 cm diameter class median DBH = 78.1 cm.

9 > 63.51 cm diameter class median DBH = 80.9 cm.
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Figure 5. Classification and regression tree (CART) analysis of forest structural data collected in stands identified during the aer-
ial photo stand typing in eastern Oregon and Washington, 1995. The CART constructs classification criteria for each forested stage
of stand development based on forest structural characteristics collected during the ground-truthing phase of the map accuracy
assessment. Classification criteria could not be developed for old growth stands because of sample size limitations. The order of
occurrence of stands in each stage of stand development in each node are stand initiation, high canopy closure stem exclusion,
low canopy closure stem exclusion, high canopy closure understory reinitiation, low canopy closure understory reinitiation, and old
growth. To follow the decision tree, follow the branch to the left descendant node if a decision criterion is true; otherwise follow the
branch to the right descendant node. Classification accuracy of the decision tree is 63% (97 of 154 stands correctly classified).

using only 4 stand attributes: basal area and
number of trees per hectare (tph) in the
0-12.7, 25.41-38.1, and 50.81-63.5 cm dbh
categories. None of the 5 old growth stands
in the CART analysis were classified success-
fully as such; all 5 were classified as high
understory reinitiation, the precursor to old
growth (Fig. 5, Table 9; Oliver and Larson
1996). Classification accuracy of the pruned
CART varied by stage of stand development.
Its prediction of old growth was least accu-
rate (0% correct) and that of stand initiation
was most accurate (85% correct; Table 9).
Mean classification accuracy of the CART
was 63% across all stages (SE = 0.71; Fig. 6).
No individual observation in the data set
substantially influenced any particular deci-
sion criterion (Fig. 6). Each coefficient of
variation was <17%.

The CART analysis developed 9 separate
pathways in which to classify 5 of the 6 forest-
ed stages of stand development (Fig. 5).

Several of the forested stages of stand devel-
opment had multiple pathways for descrip-
tion: stand initiation and low stem exclusion
each had 1 pathway, high stem exclusion and
high understory reinitiation each had 2
pathways, and low understory reinitiation
had 3 separate pathways that described its
structural characteristics (Fig. 5).

Univariate Analysis

Nest Tree—Nest trees (n = 82) were usually
dominant trees in the canopy (68.3%), but
codominants (29.3%) and intermediates
(2.4%) were also used for nesting. Nest trees
were typically alive (81.7%), but some snags
were also used (18.3%). Nests were located
an average of 12.95 m above ground, and an
average of 1.23 m above the base of the live
canopy (Table 10). Nests were usually in
Douglas-fir, ponderosa pine, or western larch
(Fig. 7), and exhibited extensive variation in
dbh (25-127 cm) and age (47-345 years).
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Table 9. Error matrix for the pruned classification and regression tree that uses forest structural characteristics to predict group
membership in the structural stages. Accuracy of the classification and regression tree is estimated at 63% (97 of 154 stands
correctly classified). Elements of the matrix on the diagonal represent the number of stands for each structural stage that were

correctly classified.

Predicted
High Low
Stand  High stem  Low stem understory understory
Actual group initiation  exclusion  exclusion reinitiation reinitiation Old growth Total
Stand initiation 11 0 0 0 2 0 13
High stem exclusion 0 11 2 3 6 0 22
Low stem exclusion 0 0 8 3 16 0 27
High understory reinitiation 0 1 0 20 4 0 25
Low understory reinitiation 0 2 5 8 47 0 62
Old growth 0 0 0 5 0 0 5
Total 11 14 15 39 75 0 154

However, the vertical position of the nest
in the nest tree (TRATIO) was relatively
consistent, exhibiting a coefficient of varia-
tion of 20.12% (Table 10). In comparison
with available trees at random sites, goshawk
nest tree diameter and age were greater (P<
0.001; random site dbh: mean = 42.98 cm, SE
= 2.2, range = 25.4-106.9 cm; age mean =
110.54 yr, SE = 7.43, range = 6-369 yr). Thus,

153 Classified
Stands

Basal Area < 12.14 m*/ha
95% C.I1.=9.87 to 14.41

Basal Area < 4.46 m*/ha
95% C.IL =3.23106.29

tph 25.41 - 38.1 cm DBH < 151.85
95% C.1. = 146.19 to 157.51

tph 0~ 12.7 cm DBH < 649.47
95% C.I. = 639.89 t0 659.05

Low
Understory
Reinitiation

tph 63.51+ cm DBH < 2.27 High High
95% C1.=2.02102.53 Understory Understory
Reinitiation Reinitiation

Low Stem
Exclusion

tph 50.81 —63.5 cm DBH < 9.03
Low 95% C.1=6.85t011.21
Stand Understory
Initiation Reinitiation

while larger in diameter and older than trees
available in the landscape, goshawk nest
trees were typically only dominant trees with-
in their nest stands. Due to insufficiencies in
expected values, nest tree species preference
could not be evaluated (Fig. 7).

One-hectare Nest Site—Goshawk nests were
not distributed proportionately among the
four stages of stand development (x? = 19.8,

Basal Area < 19.96 m*/ha
95% C.1.=685t0 11.21

Low
) Understory
High Stem Reinitiation
Exclusion

tph 0 - 12.7 cm DBH < 143.58
95% C.1. = 140.74 to 146.42

High Stem
Exclusion

Figure 6. One-point jackknife analysis of the pruned classification and regression tree (CART) for forest structural stage classi-
fications in eastern Oregon and Washington, 1995. Mean values for each classification criterion (n = 153) are presented with
95% confidence intervals presented below its respective criterion. To follow the decision tree, follow the branch to the left descen-
dant node if a decision criteria is true; otherwise follow the branch to the right descendant node. Mean classification accuracy

for the jackknifed CART was 63.41% (SE = 0.71, 95% C.I. = 62.02 to 64.8%).
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Table 10. Univariate analysis of goshawk nest trees (n = 82)
in eastern Oregon and Washington in 1994.

Variable Mean SE CV (%) Range
Nest height (m) 1295 048 3356 4.4-30
Tree height (m) 29.51 0.89 27.31 12.3-48
Height of the base of

the live canopy (m) 14.09 0.86 55.27  2.0-335
TRATIO®? 045 0.01 20.12 0.17-0.78
LCDIST ® (m) -1.23 0.53 -390.19 -12.6-12.4
Tree DBH (cm) 56.32 248  39.88 25.0-126.9

Age of nest tree (yrs) 157.91 8.21 47.08 47-345

2 TRATIO is the nest height divided by the height of the nest
tree.

b LCDIST is the height of the base of the live canopy minus
nest height.

3 df, P=0.0002). Nests were found in stem
exclusion significantly more often than
expected, and in stand initiation less often
than expected based on availability.
Understory reinitiation and old growth
stands were used in proportion to their avail-
ability (Table 11). Nest sites were not distrib-
uted equally with respect to topographic
position (x? = 25.9, 5 df, P = 0.0001; Table
12). Nests occurred on ridge tops and on
the upper 1/3 of slopes significantly less
than expected, while they occurred on the
lower 1/3 of slopes and in drainage bottoms
more than expected based on availability.
Forest vegetation types (e.g., mixed-conifer,
ponderosa pine, lodgepole pine) were used
by goshawks in proportion to their availabil-
ity (% =17.0, 4 df, P=0.1333).

Nests occurred at lower elevations, on dif-
ferent aspects, and were closer to human dis-
turbance than were random sites (Table 13).
Seventy-seven percent of 177 human distur-
bances encountered were forest roads and

WILDLIFE MONOGRAPHS
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Figure 7. Percent frequency of occurrence for goshawk nest
trees (n = 82) and random trees (n = 95) in eastern Oregon
and Washington, 1994, by tree species.

22% were timber harvests. Nests occurred in
stands typified by greater basal area, greater
quadratic mean diameter, greater live stem
density, higher stand density index, greater
canopy closure, and greater mean age than
random sites (Table 13). Of these character-
istics, basal area and SDI also were more vari-
able (i.e., greater SE) at goshawk nest sites
than at random sites. At random sites,
aspects tended to be uniformly distributed
around the compass, while goshawk nest
sites were nonrandomly distributed, primari-
ly on north-facing slopes (Table 14).
Landscape Scale—Our analysis of the vari-
ous landscape scales is intended to provide
insight into landscape-level habitat selection
by nesting goshawks, and to reduce the land-
scape data for meaningful multivariate
analysis. Analysis of concentric circles sur-
rounding nests (Table 15) indicated that:

Table 11. Bonferroni 90% simultaneous confidence intervals (97.5% individual C.1.) for stage of stand development at the 1-ha
scale for goshawk nests (n = 82) and random sites (n = 90) in eastern Oregon and Washington, 1994-1995. Goshawk nest sites
were not distributed in proportion to availability of the four stages of stand development (3 = 19.8, 3 df, P = 0.0002).

Stage of stand Number of Number of

development nest sites P, random sites Pe 90% Cl

Stand initiation 0 0 11 0.12 0.0449 < P, < 0.19952
Stem exclusion 36 0.44 24 0.27 -0.3335 < P, < -0.0111°
Understory reinitiation 36 0.44 52 0.58 -0.0305 < P, < 0.3081
Old growth 10 0.12 3 0.03 -0.1801 < P, < 0.0027

@ Used significantly less than expected based on its availability.
b Used significantly more than expected based on its availability.
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Table 12. Bonferroni 85% simultaneous confidence intervals (97.5% individual C.1.) for 1-ha scale topographic position for gos-
hawk nests (n = 82) and random sites (n = 90) in eastern Oregon and Washington, 1994-1995. Goshawk 1-ha sites were not
distributed in proportion to available topographic position (x2 = 25.9, 5 df, P = 0.0001).

Number of Number of
Topographic position nest sites P, random sites P, 90% ClI
Ridge top 1 0.01 11 0.12 0.0280 < P, < 0.19202
Upper 1/3 of siope 13 0.16 29 0.32 0.0211 < P, < 0.30632
Middle 1/3 of slope 17 0.21 17 0.19 -0.1548 < P, < 0.1180
Lower 1/3 of slope 25 0.30 13 0.15 -0.3014 < P, < —0.0196°
Drainage bottom 14 0.17 3 0.03 -0.2397 < P, < —0.0351 b
Flat 12 0.15 17 0.19 -0.0846 < P, < 0.1698

2 Used significantly less than expected based on its availability.
b Used significantly more than expected based on its availability.

Table 13. Univariate habitat characteristics of goshawk and random 1-ha scale sites in eastern Oregon and Washington,
1994-1995. Results are for untransformed data from 2-sample t-tests unless otherwise noted.

Goshawk sites (n = 82)

Random sites (n = 90)

Variable Mean SE Range Mean SE Range P-value
Elevation (m) 1419.0 332 728-2131 1504.0 32.1 695-2036 0.068
% Slope 227 1.9 2.0-75.0 24.7 2.2 0.5-96.5 0.494
Aspect (°) 0.5 71 2-360 164.2 8.1 2-358 <0.0012
Basal area (m%/ha) 40.6 1.3 11.2-67.2 222 1.1 2.3-515 <0.001
DBHq (cm) 241 0.6 12.9-36.9 20.8 0.7 6.9-41.5 0.001
Live stem density (trees/ha) 8624 529 70-2155 7214 516 5-2595 0.058
SDI 705.1 29.0 84-1429 4584 274 11-1190 <0.001
% Canopy closure 53.1 17 14.3-89.1 33.2 17 2.7-741 <0.001
Age 126.3 4.9 60-286 1154 5.2 22-306 0.035°
Proximity (m) to:

Forest change 58.2 5.5 0-259 55.5 6.3 0-289 0.742

Human disturbance 1441 19.8 0-1358 1524 217 0-1200 0.054°

Water 3424 347 4-1415 3752 477 3-3622 0.579

a P-value for 2-sample testing of angles.
b p.value for log-transformed data.

(1) stand initiation comprised a significantly
lower proportion at all landscape scales sur-
rounding nests than was available at random
in the landscape; (2) from 10- to 120-ha, low
understory reinitiation occurred in signifi-
cantly lower proportions than was available

Table 14. Mean aspect angle, angular deviation, r, and P-value
for test of randomness or nondirectedness for goshawk and
random 1-ha scale sites in eastern Oregon and Washington,
1994-1995, using continuous data for aspect.

Mean Angular

angle deviation r P-value
Goshawk nests (n=82) Q° 65° 0.36 <0.001
Random sites (n=90)  164° 77° 0.09 0.471

at random; (3) habitat had less contagion
with respect to forest structure from 83- to
170-ha; (4) high stem exclusion, from 10- to
120-ha, and high understory reinitiation, at
all landscape scales, occurred in significantly
greater proportion than was available at ran-
dom; (5) the stage of stand development
present in the 83- to 170-ha landscape scales
was more equally abundant in the habitat
surrounding goshawk nests than occurred at
random (Table 15). Mean nearest neighbor
distance between stands of the same stage of
stand development was also significantly
greater in the 60-ha around nest sites, sug-
gesting that goshawks were selecting for
greater distance between stands of the same
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Table 15. Univariate landscape-scale habitat characteristics around goshawk nests and random sites in eastern Oregon and
Washington, 19941995, by variable and landscape-scale. Values are mean percentages of each landscape scale occurring in
each stage of stand development. Results are for untransformed data from 2-sample ttests, unless otherwise noted.

Landscape Goshawk Sites (n = 82) Random Sites (n = 95)
Variable Scale (ha) Mean SE Range Mean SE Range P-value
Stand initiation 10 1.6 0.7 0-34.9 11.0 2.7 0-100 0.001
30 27 0.8 0-42.3 10.7 24 0-100 0.002
60 3.1 0.8 0-45.2 10.6 22 0-99.9 0.002
83 3.3 0.8 0-44.3 10.5 21 0-98.5 0.002
120 3.6 0.8 0-42.2 10.2 2.0 0-94.9 0.002
150 3.7 0.9 0-41.8 9.9 1.9 0-90.6 0.003
170 3.8 0.9 0-41.4 9.8 1.8 0-88.6 0.004
High 2 stem exclusion 10 247 35 0-100 15.0 2.6 0-100 0.026
30 221 29 0-96.7 13.6 2.1 0-94.5 0.018
60 20.2 24 0-92.3 13.1 1.8 0-88.8 0.022
83 19.3 22 0-86.7 13.1 1.7 0-87.3 0.029
120 18.3 20 0-76.6 13.3 1.7 0-83.9 0.070°
150 17.8 20 0-71.6 13.7 17 0-81.4 0.117°
170 17.6 1.9 0-69.2 13.8 1.6 0-78.5 0.139
Low @ stem exclusion 10 6.2 2.0 0-100 8.5 2.1 0-93.5 0.441
30 6.5 1.7 0-86.3 8.8 20 0-79.7 0.364
60 7.7 1.6 0-75.9 8.6 1.9 0-72.7 0.713
83 8.2 1.5 0-70.8 8.3 1.8 0-72.1 0.951
120 8.3 1.4 0-59.3 8.1 1.6 0-70.8 0.914
150 8.3 1.3 0-53.8 7.8 15 0-69.7 0.823
170 8.3 1.3 0-51.1 7.7 1.5 0-67.9 0.761
High understory reinitiation 10 471 3.6 0-100 25.3 3.2 0-98.7 <0.001
30 42.6 29 0-96.7 244 2.6 0-90.7 <0.001
60 39.7 24 0-96.4 24.7 2.3 0-91.6 <0.001
83 38.5 22 0-97.0 24.9 22 0-89.3 <0.001
120 37.2 2.1 0-93.6 249 2.1 0-84.9 <0.001
150 36.6 20 0-90.1 24.9 2.1 0-81.3 <0.001
170 36.2 20 0-87.0 24.9 2.1 0-79.1 <0.001
Low understory reinitiation 10 13.9 2.2 0-80.6 32.3 3.4 0-100 <0.001
30 18.2 2.1 0-78.1 32.7 3.0 0-100 <0.001
60 211 2.0 0-67.3 324 27 0-99.6 0.001
83 22.4 2.1 0-67.6 324 26 0-97.2 0.003
120 24.0 21 0-72.4 32.6 25 0-88.8 0.070°
150 24.8 22 0-75.9 32.8 25 0-86.2 0.102°
170 25.2 22 0-77.9 32.9 25 0-84.8 0.118°
Old growth 10 22 1.4 0-82.9 1.2 0.6 0-39.8 0.472
30 1.6 0.9 0-54.9 1.0 0.5 0-34.1 0.558
60 1.2 0.6 0-36.5 1.0 05 0-42.2 0.799
83 1.1 0.5 0-28.8 1.0 0.6 0-45.5 0.928
120 0.9 0.4 0-22.4 0.9 0.5 0-45.1 0.993
150 0.8 0.4 0-19.1 0.9 0.5 0-42.6 0.949
170 0.8 04 0-17.5 0.8 0.5 0-41.0 0.915
Wet openings 10 1.4 0.5 0-27.4 2.4 0.9 0-46.5 0.306
30 1.9 0.5 0-25.1 2.4 0.7 0-42.1 0.600
60 1.9 0.5 0-21.6 24 0.7 0-43.8 0.493

(Continued)

2 “High” and “low” denote > or <50% canopy closure, respectively.
b P-value for arcsine square root transformed data.

¢ Contrast weighted edge density.

d P.value for log transformed data.
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Table 15 (continued). Univariate landscape-scale habitat characteristics around goshawk nests and random sites in eastern
Oregon and Washington, 1994-1995, by variable and landscape-scale. Values are mean percentages of each landscape scale
occurring in each stage of stand development. Results are for untransformed data from 2-sample t-tests, unless otherwise noted.

Goshawk Sites (n = 82)

Random Sites (n = 95)

Landscape
Variable Scale (ha) Mean SE Range Mean SE Range P-value
Wet openings (continued) 83 1.9 0.4 0-19.8 2.6 0.7 0-44.9 0.425
120 2.0 0.4 0-17.5 2.6 0.7 0-47.0 0.438
150 2.1 0.4 0-16.5 2.7 0.7 0-47.2 0.463
170 2.1 0.4 0-16.2 27 0.7 0477 0.477
Dry openings 10 2.8 0.8 0-44.3 4.3 1.0 0-51.1 0.375°
30 4.4 1.1 0-49.0 6.2 1.2 0-58.6 0.247°
60 49 1.0 0-46.6 7.0 1.3 0-60.6 0.240°
83 5.1 1.0 0-48.4 7.2 1.3 0-54.3 0.190
120 54 11 0-52.4 7.4 1.2 0-53.1 0.325°
150 5.6 1.1 0-52.8 7.4 1.2 0-54.5 0.282
170 5.7 1.1 0-52.6 7.4 1.2 0-56.2 0.297
Water 10 0.0 0.0 0-0 0.01 0.01 0-1.2 0.320
30 0.1 0.1 0-4.1 0.1 0.1 0-7.9 0.736
60 0.2 0.2 0-14.4 0.1 0.1 0-6.4 0.530
83 0.3 0.2 0-19.2 0.1 0.1 0-5.3 0.420
120 0.3 0.3 0-24.5 0.05 0.05 0-4.4 0.371
150 0.4 0.3 0-27.5 0.04 0.04 0-4.0 0.352
170 0.4 0.3 0-28.3 0.1 0.1 0-38 0.344
CWED ©: Forest structure (m) 60 33.4 27 0-134 324 27 0-146 0.801
83 33.3 2.6 1-128 33.0 25 0-132 0.943
120 32.7 25 3-119 32.0 23 0-118 0.844
150 31.0 23 3-112 30.5 2.2 0-110 0.855
170 29.5 22 4-105 28.8 2.0 0-105 0.819
CWED ©: Canopy closure (m) 60 36.4 3.0 0-145 39.7 2.7 0-145 0.412
83 36.5 2.8 0-139 39.9 25 0-127 0.379
120 36.3 27 2-133 38.7 2.3 1-110 0.496
150 34.9 25 4-126 36.9 2.1 2-102 0.537
170 33.3 24 4-118 35.1 2.0 1.8-96.0 0.574
Mean nearest neighbor distance (m) 60 130.2 9.4 23-566 113.5 7.8 10-362 0.0824
83 126.6 10.0 32-607 121.3 7.8 27-477 0.677
120 136.8 9.1 19474 126.8 8.2 13-429 0.2424
150 149.8 10.7 21-545 140.8 12.4 20-952 0.588
170 165.8 11.3 17-545 158.6 12.6 17-952 0.672
Simpson’s evenness index 60 77.7 1.8 14-99 73.8 20 0-99 0.152
83 79.6 1.6 9-99 745 1.8 6-99 0.038
120 81.2 14 18-98 75.6 1.7 15-100 0.011
150 82.1 1.3 27-97 76.6 1.5 26-100 0.007
170 82.3 1.2 35-97 77.0 15 28-99.0 0.007
Contagion 60 60.5 0.9 47-88 62.2 1.0 46-99 0.210
83 59.7 0.8 48-93 62.2 0.9 47-94 0.043
120 59.1 0.7 48-87 61.8 0.8 47-89 0.013
150 58.6 0.7 49-82 61.3 0.7 47-83 0.001
170 58.6 0.7 49-78 61.2 0.7 47-82 0.010

2 “High” and “low” denote > or <50% canopy closure, respectively.

b P-value for arcsine square root transformed data.
¢ Contrast weighted edge density.
¢ P-value for log transformed data.
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Table 16. Univariate landscape-scale habitat characteristics around goshawk nests and random sites in eastern Oregon and
Washington, 1994-1995, by variable and landscape-scale. Landscape scales represent the habitat unique to each successive
scale. Values are mean percentages of each landscape scale in each structural stage. Results are for untransformed data from
2-sample t-tests, unless otherwise noted.

Landscape Goshawk Sites (n = 82) Random Sites (n = 95)
Variable Scale (ha) Mean SE Range Mean SE Range P-value
Stand initiation
10-30 3.2 1.0 0-52.6 10.6 23 0-100 0.004
30-60 35 0.9 0-48.0 10.4 2.0 0-99.8 0.002
60-83 3.8 0.9 0-41.9 10.2 2.0 0-94.9 0.004
83-120 42 1.0 0-37.6 9.6 1.8 0-98.5 0.011
120-150 4.4 1.1 0-41.6 8.8 1.6 0-81.9 0.026
150-170 47 1.1 0-40.5 8.9 1.6 0-82.3 0.036
High @ stem exclusion
10-30 20.9 2.8 0-95.0 129 2.0 0-91.8 0.021
30-60 18.2 2.1 0-88.0 12.6 1.8 0-83.1 0.042
60-83 17.0 1.9 0-71.9 12.9 1.7 0-83.5 0.089°
83-120 16.0 1.8 0-59.8 13.9 1.7 0-76.2 0.383
120-150 15.8 1.9 0-58.9 15.1 1.8 0-77.7 0.794
150-170 15.7 1.9 0-61.4 15.4 1.9 0-83.5 0.893
Low 2 stem exclusion
10-30 6.6 1.6 0-79.4 9.0 2.0 0-80.7 0.344
30-60 8.9 1.6 0-65.6 8.4 1.8 0-74.6 0.813
60-83 9.5 15 0-57.4 7.6 1.6 0-73.1 0.251b
83-120 8.5 1.3 0-42.7 7.4 1.4 0-72.0 0.584
120-150 8.3 14 0-63.6 7.0 14 0-65.1 0.504
150-170 8.4 1.5 0-72.0 6.5 1.4 0-65.7 0.364
High understory reinitiation
10-30 40.3 27 0-95.0 24.0 24 0-91.2 <0.001
30-60 36.9 2.3 0-96.1 25.1 2.3 0-92.5 <0.001
60-83 35.2 2.1 0-98.8 25.3 2.2 0-83.4 0.001
83-120 344 2.0 0-86.0 25.0 22 0-81.7 0.002
120-150 34.0 2.2 0-75.8 247 2.1 0-74.1 0.003
150-170 33.1 2.3 0-73.2 247 22 0-72.2 0.009
Low understory reinitiation
10-30 20.4 2.2 0-78.3 32.9 29 0-100 0.001
30-60 24.0 2.2 0-74.4 32.1 2.6 0-99.1 0.084°
60-83 25.9 2.3 0-74.6 325 2.6 0-90.9 0.180°
83-120 275 24 0-83.3 33.0 2.6 0-88.3 0.276"
120-150 279 2.5 0-89.8 33.6 27 0-88.6 0.272b
150-170 28.8 27 0-92.4 335 2.8 0-97.4 0.349°
Old growth
10-30 1.3 0.7 0-45.7 1.0 0.5 0-41.1 0.665
30-60 0.8 04 0-20.7 1.0 0.6 0-50.3 0.793
60-83 0.7 0.3 0-15.1 1.0 0.6 0-54.0 0.659
83-120 0.6 0.3 0-11.9 0.7 0.5 0-44.2 0.752
120-150 0.4 0.2 0-13.0 0.6 0.4 0-32.5 0.679
150-170 0.4 0.2 0-12.9 0.6 0.4 0-28.8 0.539
Wet openings
10-30 21 0.6 0-30.4 2.3 0.8 0-43.9 0.848
30-60 19 0.4 0-18.2 25 0.7 0-45.4 0.422
60-83 2.0 0.5 0-22.4 2.8 0.7 0-48.0 0.335

(Continued)

@ “High” and “low” denote > or <50% canopy closure, respectively.
b P.value for arcsine square root transformed data.

¢ Contrast weighted edge density.

d p.value for log transformed data.
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Table 16 (continued). Univariate landscape-scale habitat characteristics around goshawk nests and random sites in eastern
Oregon and Washington, 1994-1995, by variable and landscape-scale. Landscape scales represent the habitat unique to each
successive scale. Values are mean percentages of each landscape scale in each structural stage. Results are for untrans-
formed data from 2-sample t-tests, unless otherwise noted.

L Goshawk Sites (n = 82) Random Sites (n = 95)
andscape
Variable Scale (ha) Mean SE Range Mean SE Range P-value
Wet openings (continued)
83-120 22 0.5 0-18.8 2.7 0.7 0-51.6 0.509
120-150 24 0.5 0-16.6 2.8 0.8 0-48.2 0.635
150-170 24 0.5 0-23.7 29 0.8 0-49.7 0.600
Dry openings
10-30 5.2 1.2 0-51.4 71 1.4 0-68.3 0.291
30-60 54 1.1 0-55.5 7.9 1.4 0-62.6 0.272°
60-83 55 1.1 0-52.8 7.7 1.3 0-63.6 0.282°
83-120 6.3 1.2 0-61.4 7.7 1.3 0-62.4 0.434
120-150 6.3 1.2 0-54.3 7.4 1.3 0-63.5 0.526
150-170 6.2 1.2 0-51.0 75 1.4 0-70.1 0.456
Water
10-30 0.1 0.1 0-6.2 0.1 0.1 0-11.2 0.761
30-60 0.3 0.3 0-24.7 0.1 0.1 0-4.9 0.380
60-83 04 0.4 0-31.6 0.02 0.02 0-2.5 0.311
83-120 0.5 0.4 0-36.6 0.03 0.03 0-2.5 0.322
120-150 0.5 0.5 0-39.4 0.02 0.02 0-2.3 0.309
150-170 0.5 0.5 0-38.6 0.02 0.02 0-2.2 0.300
CWED ¢©: forest structure (m)
30-60 335 2.6 0-134.8 34.2 2.6 0-137.3 0.855
60-83 323 24 2.8-108.1 34.0 25 0-119.5 0.624
83-120 31.1 25 5.6-110.1 29.5 21 0-105.1 0.614
120-150 23.9 2.0 3.2-80.9 23.6 1.8 0-87.7 0.926
150-170 17.4 1.6 0-84.5 159 1.4 0-65.7 0.474
CWED ©: canopy closure (m)
30-60 36.9 2.8 0-143.6 40.7 2.7 0-132.9 0.333
60-83 36.2 2.6 1.6-120.8 39.6 25 0-123.3 0.338
83-120 35.3 27 5.5-118.1 35.6 2.1 3.9-111.0 0.937
120-150 28.8 2.2 2.8-94.1 29.3 1.9 2.1-98.9 0.839
150-170 20.5 1.7 1.7-7117 20.2 14 2.5-55.2 0.894
Mean nearest neighbor distance (m)
30-60 146.9 9.4  22.8-605.7 122.7 6.4  10.0-270.9 0.035
60-83 175.1 121 36.8-722.9 165.6 9.1 36.9-477.0 0.533
83-120 203.4 147  30.9-832.2 174.4 10.3  25.8-519.5 0.1134
120-150 2556  18.1 44.7-846.1 217.3 129  24.8-584.2 0.088
150-170 3835 244 2.0-1292.1 362.4 217  51.9-1292.8 0.518
Simpson’s evenness index
30-60 81.3 1.5  15.0-100 76.2 1.9 1.0-100 0.041
60-83 825 1.4 4.0-98.0 75.8 1.8  15.0-99.0 0.004
83-120 81.6 14  38.0-98.0 76.4 1.7 14.0-100 0.016
120-150 81.1 1.5  28.0-100 76.7 1.5  31.0-100 0.040
150-170 80.4 1.6 22.0-100 77.2 1.7 8.0-100 0.175
Contagion
30-60 58.7 0.8 47.4-87.0 60.8 0.9  46.4-98.6 0.081
60-83 58.1 0.8 47.7-96.2 61.1 0.8  46.4-89.7 0.010
83-120 58.9 0.7 49.4-76.2 61.0 0.8  47.3-90.9 0.048
120-150 59.1 0.7 48.8-80.8 61.3 0.7  47.9-80.3 0.038
150-170 59.7 0.8  49.3-84.9 61.3 0.8  48.4-932 0.145

2 “High” and “low” denote > or <50% canopy closure, respectively.
b p.yalue for arcsine square root transformed data.

¢ Contrast weighted edge density.

d P-value for log transformed data.

This content downloaded from 170.144.93.214 on Fri, 09 Jun 2017 18:46:09 UTC
All use subject to http://about.jstor.org/terms



30 WILDLIFE MONOGRAPHS

stage of stand development. However, the
mean nearest neighbor distance was only 17
m between the two group means, and may
not be biologically meaningful (Table 15).

Results of the ring analyses (Table 16)
indicate stand initiation in all rings, and low
understory reinitiation in the 10- to 30- and
30- to 60-ha habitat rings, constituted signifi-
cantly lower proportions of ring landscape
around nests than random sites. Habitat
contagion was also significantly less around
nests than at random sites. Simpson’s even-
ness index was significantly greater in the 30-
to 60-, 60- to 83-, 83- to 120-, and 120- to 150
ha habitat rings surrounding nests (Table
16) than in corresponding rings around ran-
dom sites. High stem exclusion in the 10- to
30-, 30- to 60-, and 60- to 83-ha habitat rings,
and high understory reinitiation in all habi-
tat rings occurred in significantly greater
proportions surrounding goshawk nests
than around random sites (Table 16). Mean
nearest neighbor distance in the 30- to 60-
and 120- to 150-ha habitat rings was also sig-
nificantly greater around goshawk nests than
in corresponding rings around random sites.
However, in the 30- to 60-ha habitat ring a
difference of 24 m in the mean nearest
neighbor distance may not be biologically
meaningful (Table 16).

Upon close examination of the similari-
ties and differences in the circle and habitat
ring analyses, Simpson’s evenness index and
contagion display occasional inconsisten-
cies. Simpson’s evenness index and conta-
gion each differ significantly between gos-
hawk nests and random sites within the 30-
to 60-ha habitat ring, but not within the
encompassing 60-ha scale. This may suggest
that habitat characteristics at smaller land-
scape scales were more influential to habitat
selection than characteristics at larger land-
scape scales. Conversely, these variables
were of statistical significance at the 170-ha
scale, but not in the unique 150- to 170-ha
habitat ring. This suggests that these metrics
were important at the 170-ha scale because
of their importance at the smaller 150-ha
landscape.

Productivity and Habitat Relationships

Reproductive outcome was known for 81
of the 82 goshawk nests (Fig. 8). There was
a 90% fledging success rate for breeding

pairs, an average of 1.64 young fledged/
active nest (SE = 0.09), and 1.82 young
fledged/successful nest (SE = 0.07).

The number of young fledged at a nest
differed according to 3 habitat attributes:
(1) basal area within the 1-ha nest site, (2)
proportion of the landscape occupied by low
stem exclusion at scales >60 ha, and (3) pro-
portion of the landscape occupied by wet
openings at scales >120 ha (Figs. 8 and 9).
Other variables were not statistically signifi-
cant (1-ha: P> 0.271; landscape scale: P>
0.115). Nests that fledged 3 young were
characterized by significantly less basal area
within the 1-ha nest site than those nests that
fledged <2 (F3 77 = 2.89, P = 0.041; Fig. 8).
Nests that did not fledge young had lower
amounts of low stem exclusion in landscapes
>60 ha than nests that did fledge young (Fig.
9A). Additionally, the percent of the land-
scape in wet openings at scales >120 ha did
not differ among nests with 0, 1, and 2 young
fledged/nest. However, nests that fledged 3
young had a greater proportion of wet open-
ings in the larger landscape scales than
other production categories (F3 77 = 2.71,
2.96, 3.03, P=0.051, 0.037, and 0.034 for the
120, 150, and 170 ha landscape scales,
respectively; Fig. 9B).

Multivariate Analysis

One-hectare Scale—Twelve variables that
described stand structure were significant
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Figure 8. Relationship between basal area in the 1-ha scale
surrounding the nest and the number of young fledged. The
figure represents the mean basal area, with standard errors,
for 0, 1, 2, and 3 fledged young per nest. Sample sizes for
number fledged/nest are located to right of each group.
ANOVA indicated that mean basal area differed among the
groups of fledged young/nest (F3 77 = 2.89, P = 0.041).
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Figure 9. Relationships between low canopy closure stem
exclusion at landscape scales >60 ha (A), or wet openings at
landscape scales >120 ha (B), with the number of young
fledged/nest. The figure shows the mean percent of area
occupied by each stage of stand development, with standard
errors, for 0, 1, 2, and 3 fledged young per nest. Sample sizes
for number fledged/nest are located to right of each group.
Results of ANOVAs for each stage of stand development at
each of the landscape scales represented indicated that the
mean percent of the area occupied by each stage of stand
development at each landscape scale were not the same for
each scale of fledged young/nest (low stem exclusion: F3 77,
0.041 < P < 0.089; wet openings: F3 77, 0.034 < P < 0.051).

(P < 0.25) within the 1-ha scale (Tables
11-13). Mean canopy closure and stand den-
sity index were highly correlated with basal
area (r > 10.70). Basal area reduced model
deviance (drop-in-deviance = 31.13, 1 df)
more than mean canopy closure (drop-in-
deviance = 3.01, 1 df) and stand density index
(drop-in-deviance = 0.96, 1 df). Thus, basal
area was retained for manual stepwise regres-
sion.

Using the categorical variable reduction
method, we reduced the number of indica-
tor variables for aspect and topographic

position to 1 and 2, respectively. The indica-
tor variable for aspect (where NW, N, and
NE were 1 and all others were 0) discriminat-
ed between goshawk nest sites and random
sites as well as the full model containing 7
indicator variables (drop-in-deviance =
5.895, 6 df, P=0.435). The 2 indicator vari-
ables for topographic position, in which the
lower 1/3 of slope and drainage bottoms
each were assigned a value of 1 and all oth-
ers were 0, or where ridge tops and the
upper 1/3 of slope were each assigned a
value of 1 and all others were 0, distin-
guished between goshawk nest sites and ran-
dom sites as well as the full model that con-
tained 5 indicator variables (drop-in-
deviance = 6.664, 3 df, P=0.083).

Among the remaining 10 variables, basal
area, indicator variables for stage of stand
development, and topographic position best
described habitat differences between gos-
hawk nest sites and random sites at the 1-ha
scale (Table 17). There was no study area
effect (drop-in-deviance = 3.435, 3 df, P =
0.329). An interaction between low topo-
graphic position and basal area reduced AIC
by only 1.78, not the requisite reduction of
>2 for entry into the model. However, due
to the reduction in AIC, the model contain-
ing the interaction was considered as com-
peting with the main effects-only model
(Burnham and Anderson 1998), and thus
was retained for comparison with other
models (Table 18). This interaction suggest-
ed an association between goshawk nest sites
and greater basal area on lower slope posi-
tions. Basal area was not correlated with
topographic position (r=0.05, P=0.49).

In the main-effects model (Table 17), the
odds of a site on a ridge-top being a nest site
were 63% less than the odds for sites on the
middle and lower 1/3 of the slope, drainage
bottoms, and flats. Understory reinitiation
stands were 74% less likely to contain nests
than stem exclusion stands. The 95% confi-
dence interval for old growth overlapped 1,
indicating that old growth did not con-
tribute substantially to the logistic regression
equation’s ability to discriminate between
nests and random sites. However, the odds
of a 1-ha site being a nest site increased by a
factor of 1.18 (i.e., an 18% increase in the
odds of a site being a nest site) with each 1
m? ha™! increase in basal area above the
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average basal area for all goshawk nest sites
(40.6 m? ha™!; Table 17).

For the 1-ha model that incorporates the
interaction between topographic position
and basal area (Table 18), the odds of a site
on a ridge-top being a goshawk nest site were
61% less than the odds for sites on the mid-
dle and lower 1/3 of slopes, drainage bot-
toms, and flats. However, at or above the
upper 1/3 of the slope, increasing basal area
by 1 m? ha™! above average goshawk nest site
basal area increased the odds of nesting by a
factor of 1.15, or an increase of 15% in the
odds. In comparison, increasing basal area
by 1 m? ha™! above average goshawk nest site
basal area on a site in a low topographic
position increased the odds of that site being
a nest site by a factor of 1.34 times (i.e.,, a
resulting increase of 34% in the odds of a
site being a goshawk nest site). In general,
the probability of a 1-ha site being a goshawk
site increased more rapidly on low topo-
graphic positions with increasing basal area,
than on sites with higher topographic
position and basal area that is more
representative of the surrounding landscape
(Table 18).

Landscape-scale Habitat Models.—Logistic
regression models were constructed for each
landscape scale, and additional landscape
“rings” were added sequentially to discrimi-
nate nest sites from randomly available habi-
tat and to determine the spatial extent of
those relationships (Table 19). The logistic
regression model selected as the best dis-

criminator between nests and random sites
was the 30-ha+ model (Table 19). It incorpo-
rated habitat conditions from the larger
landscape-scales and had an AIC value of
180.37. This AIC was 3.47 units lower than
the next best model (Table 19).

Thirty-two variables were significant (P <
0.25) for the 30-ha scale and for each of the
5 habitat rings that extended to 170 ha
(Tables 15-16). Among these, Simpson’s
evenness index and contagion were highly
correlated in each habitat ring (r > £0.70;
Fig. 10). Simpson’s evenness index resulted
in a greater drop-in-deviance than contagion
at each landscape scale (mean difference =
0.86, SE = 0.44, n = 5); thus, the evenness
index was retained in the manual forward
selection procedure.

Results of the manual forward selection
procedure, in which variables from each suc-
cessive landscape scale were added to the
model after accounting for variables at the
30-ha scale, indicated that the significant
main effects included the percentage of the
30-ha scale in high stem exclusion and high
understory reinitiation, percentage of the
30- to 60-ha ring in stand initiation, the 30- to
60-ha ring’s mean nearest neighbor distance
and Simpson’s evenness index, and percent
of the 60- to 83-ha ring in stand initiation
(Table 20). A study area effect was present
(drop-in-deviance = 7.66, 3 df, P=0.054) and
could be attributed to only the Northeast
Oregon study area (drop-in-deviance = 1.36,
2 df, P=0.506). After expanding the model

Table 17. Five-variable logistic regression model that best discriminated between goshawk (n = 82) and random (n = 95) 1-ha
sites in eastern Oregon and Washington. Eleven random sites that occurred in stand initiation stands were removed prior to
analysis to enable modeling of forest structural conditions only in those conditions where goshawks nested. For continuous vari-
ables, the odds ratio reflects the change in odds of nesting for a 1 unit increase in the indicated variable from its mean. For cat-
egorical variables, the odds ratio reflects that the condition is true. For the following model AIC = 130.239.

Parameter
Variable estimate® SE?2 2P P-value®  Odds ratio 95% C.I.
Intercept —4.765 0.971 24.059 <0.001
Understory reinitiation indicator © —1.348 0.542 6.183 0.013 0.260 0.090-0.752
Old growth indicator © -0.669 0.927 0.521 0.471 0.512 0.083-3.151
Low topographic position € indicator 2.135 0.586 13.286 <0.001 8.453 2.683-26.637
High topographic position € indicator -0.992 0.604 2.697 0.101 0.371 0.113-1.212
Basal area 0.162 0.028 34.640 <0.001 1.176 1.114-1.241

2 Parameter estimates and standard errors based on the model with all 6 variables included.

b ¥2 and P-values based on Wald test.

¢ Indicator values for each variable are 1 if stage of stand development is understory reinitiation or old growth, topographic posi-
tion of the site is either the lower 1/3 of the slope or drainage bottom (low), or topographic position is the ridge top or upper 1/3

of the slope (high). Otherwise, the indicator value is 0.
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Table 18. Six-variable logistic regression model, with interactions, that best discriminated between goshawk (n = 82) and random
(n=95) 1-ha sites in eastern Oregon and Washington. This model competes with that presented in Table 17 for explaining gos-
hawk landscape-scale habitat. Eleven random sites that occurred in stand initiation stands were removed to enable modeling of
only those forest structural conditions in which goshawks nested. For continuous variables, the odds ratio reflects the change in
odds for a 1 unit increase in the variable from its mean. For categorical variables, the odds ratio reflects that the condition is
true. For the following model AIC = 128.457.

Parameter

Variable estimate?  SE? ¥2®  Pvalue® Oddsratio  95% C.l.
Intercept -3.938 0.985 15.997 <0.001
Understory reinitiation indicator © -1.428 0.547 6.819 0.009 0.240 0.082-0.700
Old growth indicator © —0.666 0.912 0.533 0.465 0.514 0.086-3.069
Low topographic position ¢ indicator —2.043 2.570 0.632 0.427
High topographic position ¢ indicator —0.930 0.571 2.649 0.104 0.395 0.129-1.209
Basal area 0.139 0.028 24.496 <0.001
Low topographic position x Basal area 0.155 0.095 2.659 0.103

Basal area on lower 1/3 of slope or drainage bottom 1.341 1.054-1.707

Basal area on ridge top, middle-, upper 1/3 of slope, or flat 1.149 1.087-1.213

2 Parameter estimates and standard errors based on the model with all 6 variables included.
b 2 and P-values based on Wald test.

¢ Indicator values for each variable are 1 if stage of stand development is understory reinitiation or old growth, topographic posi-
tion of the site is either the lower 1/3 of the slope or drainage bottom (low), or topographic position is the ridge top or upper 1/3
of the slope (high). Otherwise, the indicator value is 0.

Table 19. Logistic regression models (excluding intercept) estimating northern goshawk nest suitability in eastern Oregon and Wash-
ington. Akaike’s information criterion (AIC) was used to evaluate related models; lowest AIC value (in bold) indicates the best model
(i.e., the model with the fewest parameters, fits the data, and is biologically reasonable). The first model listed for each landscape scale
was constructed from parameters representing the habitat conditions contained only within that scale. The second model listed for
each landscape scale (denoted by ‘+’) was constructed by adding parameters from larger scales, while controlling for the parameters
at smaller scales. Parameters followed by an ‘r’ indicate that they represent habitat conditions unique to a larger landscape scale, and
the number following the ‘r’ represents the scale at which those conditions begin (e.g., Sl r30 represents the percent of the 30- to 60-
ha ring occupied by stand initiation). Otherwise, parameters represent conditions at the specified landscape scale.

Number of

Model  Parameters 2 parameters Deviance AIC

10 ha HSE, HUR 3 204.10 210.10
10 ha+ HSE, HUR, SI r10, Si r30, MNN r30, SIEI r30, HSE x SI r10, HUR x SI r30 9 165.84  183.84
30ha  NEOR, HSE, HUR 4 198.30  206.30
30 ha+ NEOR, HSE, HUR, Sl r30, MNN r30, SIEI r30, S r60, NEOR x SIEI r30, HUR x SIr30 10 160.37  180.37
60 ha  SI, HSE, HUR, SIEl, SI x HUR 6 194.58  206.58
60 ha+ SI, HSE, HUR, SIEI, SIEI r60, SI x HUR 7 190.99  204.99
83 ha  SI, HSE, HUR, SIEl, SI x HUR, Sl x SIEI 7 189.85  203.85
83 ha+ SI, HSE, HUR, SIEl, SI x HUR, SI x SIEI 7 189.85  203.85
120 ha HSE, HUR, SIEI 4 208.42 216.42
120 ha+ HSE, HUR, SIEI 4 208.42 216.42
150 ha SI, HSE, HUR, SIEl, SI x HUR, SI x SIEI 7 191.04  205.04
150 ha+ SI, HSE, HUR, SIEI, HUR r150, Sl x HUR, SI x SIEI 8 188.37  204.37
170 ha SI, HSE, HUR, SIEl, SI x HUR, Sl x SIEI, 7 194.45  208.45

@ HSE = high canopy closure stem exclusion; HUR = high canopy closure understory reinitiation; Sl = stand initiation; MNN =
mean nearest neighbor distance; SIEl = Simpson’s evenness index; NEOR = Northeast Oregon study area indicator.

This content downloaded from 170.144.93.214 on Fri, 09 Jun 2017 18:46:09 UTC
All use subject to http://about.jstor.org/terms



34

WILDLIFE MONOGRAPHS

Table 20. Ten-variable logistic regression model, with interactions, that best discriminated between goshawk and random sites

at multiple landscape scales in eastern Oregon and Washington, 1994-1995.
Landscape Parameter

Variable scale estimate 2 SE@ x2® P-value ®
Intercept —4.9192 1.5178 10.5036 0.001
Northeast Oregon indicator® -5.0199 2.8286 3.1494 0.076
High canopy closure stem exclusion 30 0.0482 0.0110 19.0456 <0.001
High canopy closure understory reinitiation 30 0.0386 0.0095 16.5114 <0.001
Stand Initiation 30-60 -0.0671 0.0682 0.9671 0.325
Mean nearest neighbor 30-60 0.0071 0.0031 5.0344 0.025
Simpson’s evenness index 30-60 0.0218 0.0155 1.9707 0.160
Stand initiation 60-83 —0.0812 0.0575 1.9960 0.158
High understory reinitiation x stand initiation 30 x (30-60) 0.0024 0.0011 5.0828 0.024
Northeast Oregon x Simpson’s evenness index 30-60 0.0721 0.0351 4.2091 0.040

2 Parameter estimates and standard errors based on the model with all 10 variables included.

b 42 and P-values based on Wald test.

¢ Indicator value is 1 if the site is located in the Northeast Oregon study area, and 0 if located in one of the three remaining

study areas.

to include significant first-order interactions,
we detected interactions between the per-
cent of the 30-ha scale in high understory
reinitiation and the percent of the 30- to 60-
ha ring in stand initiation, and the Northeast
Oregon study area effect with Simpson’s
evenness index in the 30- to 60-ha ring (drop-
in-deviance = 16.06, 2 df, P< 0.001).

Based on this model, a 1% increase in the
amount of high stem exclusion stand struc-
ture at the 30-ha scale, with all other model
variables held constant, increased odds of a
site being a nest site by approximately 5%
(Table 21). The study area effect (attributed
to Northeast Oregon) on Simpson’s even-
ness index can be seen in the context of the
30- to 60-ha ring. With all other variables in
the model held constant, a 1-unit increase in
Simpson’s evenness among stages of stand
development increased the odds of a site in

Northeast Oregon being a goshawk nest site
by 7.5%, but by only 2.2% in the other 3
study areas (Table 21). The interaction
between the study area and Simpson’s even-
ness index, in the 30- to 60-ha ring, indicat-
ed that at this scale Simpson’s evenness
index more strongly influences the probabil-
ity of nesting at a site in Northeast Oregon
than in the other 3 study areas; as evenness
of landscape structural composition in-
creased, so did the probability of goshawk
nesting, but more so in Northeast Oregon
than in the other 3 study areas.

The interaction between the proportion
of the 30-ha scale occupied by high under-
story reinitiation and the proportion of the
30- to 60-ha ring occupied by stand initiation
suggested that habitat conditions at differ-
ent distances from the nest probably interact
to influence resource selection by goshawks,

Table 21. Odds ratios for the 10-variable, landscape-scale logistic regression model for goshawk nest sites in eastern Oregon and
Washington, 1994-1995. For continuous variables, the odds ratio reflects the change in odds for a 1 unit increase in the variable.

Condition Landscape scale Odds ratio 95% confidence interval
High Canopy Closure Stem Exclusion 30 1.049 1.027-1.072
High Canopy Closure Understory Reinitiation 2 30 1.039 1.020-1.059
Stand Initiation @ 30-60 0.935 0.818-1.069
Mean Nearest Neighbor 30-60 1.007 1.001-1.013
Simpson’s Evenness Index in Northeast Oregon 30-60 1.075 1.003-1.151
Simpson’s Evenness Index not in Northeast Oregon 30-60 1.022 0.991-1.054
Stand Initiation 60-83 0.922 0.824-1.032

2 Does not consider the interaction term between these two variables.
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Figure 10. Simple linear regression incorporating Simpson’s evenness index and contagion at the 30- to 60-ha, 60- to 83-ha, 83-
to 120--ha, 120- to 150-ha, and 150- to 170-ha habitat rings surrounding goshawk and random sites in eastern Oregon and

Washington, 1994-1995. Standard errors for the regression coefficients are in parentheses.
explained a significant portion of the variation (F; 175, P < 0.001).

and that the potential negative effects of
stand initiation in the 30- to 60-ha ring may
be mitigated, to some degree, by the positive
effect of high understory reinitiation within
the 30-ha landscape.

Cross-validation
The RSPF computed for each of the 82

Each regression equation

goshawk nests and 95 random sites using the
best fit model (Table 20) predicted a range
of relative probabilities (0.5-100%) for con-
taining a goshawk nest and random sites
(<0.001-100%; Fig. 11). Non-cross-validated
results suggested that the RSPF had 78%
classification accuracy for all 177 observa-
tions (% = 82 nests and 95 random sites) used

This content downloaded from 170.144.93.214 on Fri, 09 Jun 2017 18:46:09 UTC
All use subject to http://about.jstor.org/terms



36

60

WILDLIFE MONOGRAPHS

50 4

% Frequency

EE Random Points
2 Goshawk Nests

0.5 0.6 0.7 0.8 0.9 1.0

Resource selection probability function

Figure 11. Resource selection probability function (RSPF) of goshawk nest locations versus random locations within 83-ha cir-
cles in eastern Oregon and Washington, 1994-1995. The RSPF is the predicted probability that the habitat contains a northern

goshawk nest.

in its construction (using estimated relative
probabilities between 0.07 and 0.10 as the
discriminator between goshawk nest sites
and available habitat). However, errors of
commission (i.e., random points misclassi-
fied as nest sites) and omission (i.e., nest
sites misclassified as random points) varied
between the two discriminators. Thus, when
we cross-validated the RSPF classification
accuracy, errors of commission and omission
were estimated for both relative probability
breakpoints (0.07 and 0.10).

In bootstrap cross-validation, using a rela-
tive probability breakpoint of 0.07 to dis-
criminate between goshawk nest sites and
available habitat yielded an average classifi-
cation accuracy of 75.11% (SE = 0.30), with
commission error of 18.1% (SE = 0.25) and
omission error of 6.84% (SE = 0.17). Using
a relative probability breakpoint of 0.10 to
discriminate between goshawk nest sites and
available habitat yielded a cross-validated
classification accuracy of 75.96% (SE = 0.31),
with commission error of 13.66% (SE = 0.23)
and omission error of 10.37% (SE = 0.21).
Thus, a relative probability breakpoint of
0.10 provides a more conservative estimate
of goshawk nesting habitat suitability, with
respect to errors of commission than does a

breakpoint of 0.07, while producing a similar
classification accuracy.

Because annual territory density is highly
variable, and thus is influential in the calcu-
lation of P,, we assumed that the true terri-
tory density was between 0.043 and 0.072
active territories/km?, the 95% confidence
interval for data in Table 2. Thus, such vari-
ation in territory densities, and subsequent
variation in P,, produced a range in classifi-
cation accuracy of 75-79% (Table 22).

Table 22. The effect of territory density (number of active terri-
tories/km?) variability on the classification accuracy (%) of the
best fit landscape-scale resource selection probability function
(RSPF) at probability breakpoints of 0.07 and 0.10 (for discrim-
ination between goshawk nests and random sites). Territory
densities reflect the lower 95% CI, mean, and upper 95% CI
from density estimates presented in Table 3. Variability in terri-
tory density affects only the calculation of the proportion of
used sites sampled (P,) in the RSPF. Proportion of available
sites sampled (P,) remains constant.

Classification accuracy

Territory
density P, P, 0.072 0.102
0.043 0.1502 0.0128 78.53 77.40
0.058 0.1124 0.0128 77.97 77.97
0.072 0.0898 0.0128 74.58 77.40

2 Probability breakpoint used to discriminate between gos-
hawk nests and random sites.
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Forest Growth Simulations

Central Washington.—Initial relative prob-
ability of nesting for the Central Washington
case study was 0.39. Simulating effects of
three silvicultural prescriptions (no-harvest,
commercial thin, and spotted owl) revealed
that no prescription was likely to maintain
the relative probability of nesting for our
case-study site over the 100-year simulation
period (Fig. 12). By the sixth monitoring
period (year 2053), all three prescriptions
were projected to yield relative probabilities
of nesting below 0.10, with reasonable classi-
fication accuracy (76% at P=0.10) and rela-
tively low probability of commission error
(13.66%).

Beyond 2053 to the end of the simulation
(year 2093) each of the three initial prescrip-
tions was low in habitat heterogeneity in the
30- to 60-ha and 60- to 83-ha rings (Fig. 13).
Thus, the habitat conditions within the 30-ha
scale had the greatest influence on the
resulting probability of nesting at this site
(Table 23). Beyond 2053, the model ignored
habitat conditions beyond 30-ha because
those areas grew into more homogeneous
landscape conditions (Fig. 13). Under both
the “no-harvest” and “owl” prescriptions, this
homogeneous landscape was composed of
high understory reinitiation. This stage of

1.0

stand development had not been explicitly
recognized by the RSPF in the 30- to 60-ha
and 60- to 83-ha rings (Table 20), but is indi-
rectly accounted for in the calculation of
mean nearest neighbor and Simpson’s even-
ness index. As a result, the high understory
reinitiation effect was zero in the rings and
because of this homogeneity, contributed
zero to the nearest neighbor distance and
evenness index. Thus, habitat homogeneity,
rather than the landscape’s forest structural
composition per se, was responsible for the
low predicted relative probability of nesting.

We developed a fourth prescription for
the Central Washington site to maintain or
increase the site’s estimated probability of
supporting a nest site over time. This pre-
scription was based on our observation that
low nesting probabilities under the no-har-
vest and owl prescriptions were indeed a
result of homogenization of the landscape,
beginning in the fifth monitoring period
(year 2043). Therefore, we simply modified
the “owl” prescription to preclude landscape
homogeneity. At our case study site, one
particular stand of high understory reinitia-
tion bridged all three landscape scales (Fig.
13), and so we periodically simulated thin-
ning this stand after year 2043 in order to
produce stand characteristics typical of high
stem exclusion (see Fig. 5 for characteris-
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— — Owl Prescription
— -~ Maintain Suitability
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Figure 12. Results of forest growth simulations for 4 silvicultural prescriptions within 83 ha surrounding a goshawk nest in Central
Washington. Silvicultural prescriptions include no-harvest, where the landscape is not entered for timber management for 100
years; commercial thin, which varies by forest type and thins from below (trees <25.4 cm dbh) and from above (trees >25.4 cm
dbh); an owl prescription, which lightly thins the stand; and a prescription that is designed to maintain site suitability through a
modification of the owl prescription. Results of the owl prescription are identical to those of the no-harvest, therefore 0.01 was
subtracted from the owl prescription results so that each line was visible.
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Figure 13. Partial results of forest growth simulations for 4 silvicultural prescriptions surrounding a northern goshawk nest in
Central Washington. Silvicultural prescriptions include no-harvest, where the landscape is not entered for timber management
for 100 years; commercial thin that varies by forest type; an owl prescription, which lightly thins the stand; and a prescription that
is designed to maintain nest site suitability through a modification of the owl prescription. The figure depicts how the structural
stages are distributed within 83 ha surrounding the nest (located in the center of each circle) prior to initiation of management
activities (i.e., year 1994), and respond to management after 49 years (i.e., year 2043), and at the end of the management activ-
ities (i.e., year 2093).
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Table 23. Effects of four silvicultural prescriptions using forest growth simulations (Wykoff et al. 1982), within 83 ha of a goshawk
nest in central Washington. Results demonstrate model component response to harvest prescriptions over time. Because this
particular nest is in central Washington, the Northeast Oregon study area indicator and its interaction with Simpson’s evenness
index in the 30- to 60-ha ring both equal 0.

Probability
Year HSE30 HUR30 S1 130 MNN r30 SIEI r30 SIr60  HUR30 x SIr30  estimate
No-harvest prescription
1994 31.98 68.02 0 46.3 76 0 0 0.390
2003 31.98 68.02 0 6.3 65 0 0 0.232
2013 31.98 68.02 0 102.3 67 0 0 0.476
2023 0 100 0 0 48 0 0 0.112
2033 0 100 0 130 51 0 0 0.301
2043 0 100 0 12.7 5 0 0 0.048
2053 0 100 0 12.7 5 0 0 0.048
2063 0 100 0 0 0 0 0 0.040
2073 0 100 0 0 0 0 0 0.040
2083 0 100 0 0 0 0 0 0.040
2093 0 100 0 12.7 5 0 0 0.048
Commercial thin prescription
1994 31.98 68.02 0 46.3 76 0 0 0.390
2003 0 0 1.28 12.7 39 12.63 0 0.001
2013 0 0 0 57.1 82 0 0 0.007
2023 0 0 13.53 58.8 55 9.42 0 0.001
2033 0 0 0 0 0 0 0 0.001
2043 68.02 (] 0 49.3 92 0 0 0.232
2053 31.98 0 0 150.3 50 0 0 0.033
2063 31.98 0 0 0 47 0 0 0.011
2073 0 0 0 0 0 0 0 0.001
2083 0 0 0 0 0 0 0 0.001
2093 0 0 13.53 0 47 9.42 0 <0.001
Owl prescription
1994 31.98 68.02 0 46.3 76 0 0 0.390
2003 31.98 68.02 0 6.3 65 0 0 0.232
2013 31.98 68.02 0 102.3 67 0 0 0.476
2023 0 100 0 0 48 0 0 0.112
2033 0 100 0 130 51 0 0 0.301
2043 0 100 0 12.7 5 0 0 0.048
2053 0 100 0 12.7 5 0 0 0.048
2063 0 100 0 0 0 0 0 0.040
2073 0 100 0 0 0 0 0 0.040
2083 0 100 0 0 0 0 0 0.040
2093 0 100 0 0 0 0 0 0.040
Maintenance prescription
1994 31.98 68.02 0 46.3 76 0 0 0.390
2003 31.98 68.02 0 6.3 65 0 0 0.232
2013 31.98 68.02 0 102.3 67 0 0 0.476
2023 0 100 0 0 48 0 0 0.112
2033 0 100 0 130 51 0 0 0.301
2043 0 100 0 12.7 5 0 0 0.048
2053 68.02 31.98 0 49.3 70 0 0 0.494
2063 68.02 31.98 0 49.3 92 0 0 0.798
2073 68.02 31.98 0 49.3 92 0 0 0.798
2083 68.02 31.98 0 49.3 92 0 0 0.798
2093 68.02 31.98 0 49.3 92 0 0 0.798

Notes: HSE30 = % of 30-ha scale in high stem exclusion. HUR30 = % of 30-ha scale in high understory reinitiation. Sl r30 =
% of 30- to 60-ha ring in stand initiation. MNN r30 = mean nearest neighbor distance for the 30- to 60-ha ring. SIEI r30 =
Simpson’s evenness index for the 30- to 60-ha ring. S| r60 = % of the 60- to 83-ha ring in stand initiation. HUR30 x SI r30 =
interaction between % of 30-ha scale in high understory reinitiation and % of 30- to 60-ha ring in stand initiation.
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tics). This resulted in relative probabilities
of nesting that exceeded the site’s original
1994 estimated probability of 0.3902 (Table
23), and thereafter maintained it at 0.7984
from year 2063 until the end of the simula-
tion in year 2093 (Table 23; Fig. 12).

Northeast Oregon.—Initial relative proba-
bility for nesting in the Northeast Oregon
case study was 0.002. Although the case
study site was not one of the sites used in the
logistic regression analysis, nesting did occur
and two young were fledged. Simulating
effects of three silvicultural prescriptions
(no-harvest, commercial thin without PCT,
and commercial thin with PCT) for the
Northeast Oregon site revealed that no pre-
scription was likely to produce suitable and
sustainable relative probabilities of nesting
for the site over the 100-year simulation, and
relative probability of nesting was in fact
highly variable (Fig. 14). In all three pre-
scriptions the relative nesting probabilities
were strongly positively correlated with even-
ness in the 30- to 60-ha habitat ring (r> 0.7),
with Simpson’s evenness index scores >83
yielding relative nesting probabilities >1.0 in
Northeast Oregon (Table 24). These specif-
ic results are directly linked to the interac-
tion between the Northeast Oregon study
area effect and Simpson’s evenness index in
the 30- to 60-ha habitat ring (Table 20). The
particular importance for habitat evenness
in the Northeast Oregon study area can be
seen by modeling the results for this site as if
it were located in one of the other three
study areas (Table 24): as habitat in the 30-
to 60-ha habitat ring became more evenly
distributed, the resulting relative nesting
probability increased more rapidly in
Northeast Oregon. Thus, developing a silvi-
cultural prescription that would produce
sustainable goshawk nesting habitat would
be facilitated by maximizing evenness in the
30- to 60-ha habitat ring while producing
desirable structural conditions within 30-ha
of the nest.

We developed a fourth prescription for
the Northeast Oregon site that produced
less variable habitat conditions capable of
supporting a nest site over time. This
required unique modification of two stands
(stands F and P; Fig. 15) rather than one, as
in the Central Washington case study. For
the remainder of the stands surrounding the

WILDLIFE MONOGRAPHS

Northeast Oregon site, we modeled com-
mercial thin with PCT. For stand F, we want-
ed to set the stand to high stem exclusion as
soon as possible in order to provide land-
scape heterogeneity, and accomplished this
by removing all trees 25.4-50.8 cm dbh ini-
tially and followed with maintaining the
stand using the commercial thinning with
PCT prescription. As a result, Stand F
achieved characteristics of high stem exclu-
sion by year 2021. For stand P, we needed to
consider the surrounding landscape’s struc-
ture and composition over time so that we
could schedule harvest to produce condi-
tions at a time appropriate to maintain even-
ness in the landscape. As a result, we simu-
lated harvest of stand P in year 2051 to pro-
duce high stem exclusion characteristics in
the stand (Fig. 5) by year 2071. This dual
stand modification of the commercial thin
with PCT prescription yielded relative prob-
abilities of nesting above 0.10 in all monitor-
ing periods after 2011, except 2091, where it
falls to 0.056, which was still higher than the
initial conditions in 2001 (Table 24; Fig. 15).

Landscape Assessment
Results of the landscape assessment of the
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Figure 14. Results of forest growth simulations for 4 silvicul-
tural prescriptions within 83 ha surrounding a goshawk nest in
Northeast Oregon. Silvicultural prescriptions include no-har-
vest, where the landscape is not entered for timber manage-
ment for 100 years; commercial thin without pre-commercial
thinning (PCT), whereby trees > 20.32 cm are thinned to a tar-
get of 40% stand maximum basal area once stand basal area
>60% of the stand maximum; and commercial thin with PCT,
which proceeds with the commercial thin identically to the pre-
vious prescription, but also checks for the need to pre-com-
mercially thin trees 2.54 < dbh < 15.24 cm. Results present
the resulting RSPF, by year, as a relative probability. Thus, rel-
ative probabilities >1 may result.
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Table 24. Effects of four silvicultural prescriptions using forest growth simulations (Wykoff et al. 1982), within 83 ha of a goshawk
nest in Northeast Oregon. Results demonstrate model component response to harvest prescriptions over time. Relative prob-
abilities are presented for the site as it occurs in Northeast Oregon (NEOR = 1) and as if it occurred elsewhere (NEOR = 0) to
demonstrate the impact of the interaction between study area and Simpson’s evenness index in the 30- to 60-ha ring.

Probability
Year NEOR HSE30 HUR30 SIr30 MNNr30 SIEIr30  SIr60 In NEOR Not in NEOR
No-harvest prescription
2001 1 0 37.9 4.61 83.66 54 9.97 0.002 0.007
2011 1 0 94.44 4.61 83.87 41 9.97 0.006 0.046
2021 1 0 97.7 0.55 89.09 19 2.99 0.002 0.078
2031 1 0 97.7 0 89.09 19 0 0.003 0.103
2041 1 2.3 97.7 0 89.09 27 0 0.006 0.137
2051 1 23 97.7 0 0 27 0 0.003 0.073
2061 1 23 97.7 0 0 27 0 0.003 0.073
2071 1 0 100 0 0 0 0 0.000 0.039
2081 1 0 100 0 0 0 0 0.000 0.039
2091 1 0 100 0 0 0 0 0.000 0.039
2101 1 0 100 0 0 0 0 0.000 0.039
Commercial thin without PCT prescription
2001 1 0 37.9 4.61 83.66 54 9.97 0.002 0.007
2011 1 44.84 94.44 4.61 83.87 41 9.97 0.084 0.658
2021 1 0 97.7 4.61 89.09 27 9.97 0.002 0.040
2031 1 0 97.7 0 89.09 27 0 0.006 0.123
2041 1 0 97.7 0 89.09 27 0 0.006 0.123
2051 1 0 97.7 0 0 27 0 0.003 0.065
2061 1 56.54 43.46 0 0 97 0 4.053 0.563
2071 1 56.54 43.46 0 0 97 0 4.053 0.563
2081 1 56.54 43.46 0 0 97 0 4.053 0.563
2091 1 94.44 5.56 0 0 61 0 0.198 0.370
2101 1 41.16 2.3 0 0 82 0 0.096 0.039
Commercial thin with PCT prescription
2001 1 0 37.9 4.61 83.66 54 9.97 0.002 0.007
2011 1 44.84 94.44 4.61 83.87 35 9.97 0.048 0.577
2021 1 0 97.7 4.61 89.09 27 9.97 0.002 0.040
2031 1 0 97.7 0 89.09 27 0 0.006 0.123
2041 1 0 97.7 0 89.09 27 0 0.006 0.123
2051 1 0 97.7 0 0 27 0 0.003 0.065
2061 1 53.56 46.44 0 0 100 0 5.220 0.584
2071 1 56.54 43.46 0 0 97 0 4.053 0.563
2081 1 56.54 43.46 0 0 97 0 4.053 0.563
2091 1 0 43.46 0 0 75 0 0.034 0.023
2101 1 97.7 2.3 0 0 48 0 0.060 0.287
Maintenance prescription
2001 1 0 37.9 4.61 83.66 54 9.97 0.002 0.007
2011 1 31.31 94.44 4.61 83.87 35 9.97 0.021 0.259
2021 1 53.56 44.13 4.61 72.15 77 9.97 0.543 0.319
2031 1 53.56 44.13 0 72.15 77 0 0.919 0.540
2041 1 53.56 44.13 0 72.15 77 0 0.919 0.540
2051 1 0 44.13 0 0 99 0 0.329 0.040
2061 1 0 46.44 0 0 100 0 0.395 0.044
2071 1 40.87 59.13 0 0 920 0 1.807 0.416
2081 1 40.87 59.13 0 0 90 0 1.807 0.416
2091 1 0 59.13 0 0 74 0 0.056 0.041
2101 1 6.24 55.87 0 0 86 0 0.206 0.063

Notes: NEOR = Northeast Oregon. HSE30 = % of 30-ha scale in high stem exclusion. HUR30 = % of 30-ha scale in high
understory reinitiation. Sl r30 = % of 30- to 60-ha ring in stand initiation. MNN r30 = mean nearest neighbor distance for the 30-
to 60-ha ring. SIEI r30 = Simpson’s evenness index for the 30- to 60-ha ring. SI r60 = % of the 60- to 83 ha ring in stand initia-
tion. HURBO x Sl r30 = Interaction between % of 30 ha scale in high understory reinitiation and % of 30- to 60-ha ring in stand
initiation. PCT = pre-commercial thin.
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Figure 15. Partial results of forest growth simulations for 4 silvicultural prescriptions surrounding a northern goshawk nest in
Northeast Oregon. Silvicultural prescriptions include no-harvest, where the landscape is not entered for timber management for
100 years; commercial thin without pre-commercial thinning (PCT); commercial thin with PCT; and a prescription that is designed
to increase and maintain nest site suitability through a modification of the commercial thin with PCT prescription.
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Central Washington landscape indicated a
wide range of relative probabilities for gos-
hawk nest site suitability (Fig. 16). Relative
probabilities for the 48,000-ha landscape
ranged from 0.00 to 0.99, with areal coverage
being concentrated between relative proba-
bilities of 0.51 and 0.90 (Table 25).

DISCUSSION

Results of this study are more statistically
robust than those of earlier studies because we
measured stand characteristics in detail,
ground-truthed 10% of photo-interpreted
data, and cross-validated our predictive
model. Most previous research on northern
goshawk habitat in North America focused on
habitat within 1 or 2 ha surrounding the nest
(Speiser and Bosakowski 1987, Lilieholm et al.
1993, Speiser 1993, Bull and Hohmann 1994,
Lang 1994, Siders and Kennedy 1996, Squires
and Ruggiero 1996). With the exception of
Reynolds (1978) and Siders and Kennedy
(1996), these studies sampled <40 nests each
and concentrated their efforts on individual
study areas. Several studies utilized use-avail-
ability-type designs, but usually with small sam-
ple size and fixed landscape scale (Hall 1984,
Crocker-Bedford and Chaney 1988, Falk 1990,
Hargis et al. 1994, Allison 1996, Patla 1997).
Our analysis benefits from a large data set (n
= 82 nests, n = 95 random sites), substantial
geographic variation among four study areas,
and multiple-scale analysis.

Our analysis revealed three critical con-
siderations when evaluating habitat selection

Table 25. Assessment for a 48,000 ha landscape in Central
Washington with the goshawk habitat model. Results of the
analysis yielded relative probabilities because the proportion
of used sites and proportion of available sites were not used in
the landscape assessment calculations.

Relative Probability Area (ha)
0.00-0.10 6.66
0.11-0.20 11.34
0.21-0.30 14.58
0.31-0.40 36.45
0.41-0.50 83.52
0.51-0.60 19275.30
0.61-0.70 19067.76
0.71-0.80 8748.54
0.81-0.90 971.82
0.91-0.99 24.12

among nesting goshawks. First, habitat must
be evaluated multidimensionally. Second,
important habitat relationships become
apparent only at certain scales (Brandt et al.
1995). Third, some factors interact and
those interactions can be scale-specific.

At the 1-ha nest site, goshawk nests typi-
cally occurred on the lower 1/3 or bottom of
north facing slopes in stands characterized
by relatively higher basal area, higher quad-
ratic mean diameter, greater canopy closure,
and greater live stem densities, compared to
random sites. Goshawk nests were associat-
ed with mid- to late-forest structure with
canopy closure >50% (i.e., high stem exclu-
sion and high understory reinitiation) with-
in the 30-ha scale. Nesting probability was
negatively influenced by presence of stand
initiation between the 30- and 60-ha scales
and also between the 60- and 83-ha scales.

What follows is a discussion regarding: (1)
the inherent variability in our forest structur-
al classifications and our ability to describe
them; (2) interpretation and perspective on
the nest-site and landscape-scale habitat rela-
tionships associated with goshawk nests; (3)
the inferences and pertinent limitations of
our reproductive data analysis; (4) the impli-
cations of the study to goshawk ecology; (5)
its limitations; and (6) its implications for
forest management.

Forest Structural Characteristics

The structure of the 6 forest stages of
stand development (Tables 6-8) revealed
substantial overlap with respect to several
variables. Such overlap should be expected
whenever any classification system attempts
to encapsulate structure when there are sev-
eral transitional stages among the various
sequential stages of structural development.

We developed our classification system
for stage of stand development using CART
because this technique is able to split the
data into “pure” classes based on deviance
measures (Breiman et al. 1984). Neverthe-
less, as with any classification system based
on highly variable data, there are often mis-
classifications. In our analysis (Fig. 5), the
overall classification accuracy was 63%, with
most misclassifications occurring between
closely related stages of stand development
(Table 9). For example, of the 25 high
understory reinitiation stands, 20 were classi-

This content downloaded from 170.144.93.214 on Fri, 09 Jun 2017 18:46:09 UTC
All use subject to http://about.jstor.org/terms



44 WILDLIFE MONOGRAPHS
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Figure 16. Assessment results of a 48,000 ha Central Washington landscape with the goshawk nesting habitat model. Figures
show distribution of the stages of stand development (A), and results of the resource selection probability function model (B). The
proportion of sites selected as goshawk nests (P,) and proportion of the available landscape selected as random sites (P,) were
not used in the assessment. Hence, results are relative probabilities of goshawk nest site potential. Each pixel and the 83 ha

surrounding it were evaluated with the goshawk habitat model.

fied correctly by the CART analysis; one was
misclassified as high stem exclusion and the
remaining four were misclassified as low
understory reinitiation. For the high
understory reinitiation stands misclassified
as low understory reinitiation, the stands

were classified correctly as understory reini-
tiation, but tree densities may not have been
great enough to warrant classification as
“high canopy closure” (i.e., canopy closure
>50%). Hence, some of the natural varia-
tion inherent in the forest stages of stand
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development was reflected in the CART
analysis.

The variability in the CART classification
accuracy also speaks to the effects of timber
harvest and natural perturbations (e.g.,
insects) on habitat classification. As previ-
ously described, uneven-aged management
predominated in the silvicultural systems
across study areas. Through such manage-
ment practices, representatives of all diame-
ter classes are harvested to release the inter-
mediate crown classes and stimulate natural
regeneration (Smith 1986). Where harvest-
ing is selective, the resulting stand often
closely resembles that of naturally occurring
low canopy closure stem exclusion or under-
story reinitiation stages. This, coupled with
the length of time and range of diameter
classes that comprise the stem exclusion
stage (Oliver and Larson 1996), and the 2:1
sample size of low understory reinitiation
and low stem exclusion stands sampled
explains a large portion of the CART mis-
classifications (Table 9).

CART analysis did not differentiate old
growth stands based on structural character-
istics (Fig. 5). All 5 old growth stands were
classified into the high understory reinitia-
tion stand type, which is the stage of stand
development immediately preceding old
growth. The inability to develop a discrete
classification for old growth should not be
surprising, given the small sample size (n =

45

5) and high variability relative to sample
sizes and variability characteristic of other
stages of stand development (Tables 6-8).

Nest-Site Habitat Relationships

Univariate—When data were collected
within 1-ha surrounding the nest across the
four study areas, we noted nest sites exhibit-
ed relatively uniform stand condition, basal
area, live tree density, and canopy closure.
In contrast, conditions surrounding random
points were more variable. Similar patterns
have been observed throughout western
North America (Hennessy 1978, Reynolds et
al. 1982, Moore and Henny 1983, Hayward
and Escano 1989, Squires and Ruggiero
1996, Daw et al. 1998). Although the
absolute values for each variable may vary
among studies throughout the range of the
goshawk in western North America due to
differing site ecologies, it is more important
to recognize that these patterns are general-
ly consistent and may be important for
determining goshawk nest site potential.

Canopy closure surrounding goshawk
nests, up to a 10-ha scale, is often cited as
being >60% (e.g., Johnsgard 1990). Such
descriptions are consistent with most previ-
ous literature (Table 26). However, mean
canopy closure in our study was 53% and sev-
eral other studies also documented average
canopy closure surrounding nest sites in
their study areas to be <60% (Table 26).

Table 26. Habitat characteristics in a 10-ha area surrounding goshawk nest trees in North America. Mean (SE, if available) presented.

Basal area  Canopy Tree Distance to
Study Area n (m2ha™') cover(%) density (tph) water (m) % slope  Aspect
NW California (Hall 1984) 10 90 (3) 94 (0.4) 427 (32) 355 (55) 41 (2) NE
NE California (Hargis et al. 1994) 20 37 (2.0) 31 (2.9) 12 (2.5)
N. California (Saunders 1982) 12 76.9 749 12 NE
New Mexico (Kennedy 1988) 11 211 959 (99.5) 292 17 No pref.
New Mexico (Siders and Kennedy 1996) 42 37 66.3 1055
E. Arizona (Lang 1994) 15 30.8 31.3 791
Utah (Fischer 1986) 10 68.4
Idaho/Montana (Hayward and Escano 1989) 17  40.6 (1.9) 80.0 (1.4) 1135(128.3)2
S. Idaho (Patla 1997) 26 285(21) 75(3.0) 387 (27.9) 543 (121) N and W
Wyoming (Squires and Ruggiero 1996) 39 50.8(2.1) 66.7(2.0) 1345(85.0)2 11 (1)  No pref.
E. Oregon (Reynolds et al. 1982) 7 59.8 (7.8) 482 (55.2) N
E. Oregon (Moore and Henny 1983) 34 51.9(3.0)° 1007 (72.4)@ 199 (41.0) 14.0 (1.8) No pref.
E. Oregon/Washington (This study) 82 40.6(1.3) 53.1(1.7) 862.4(52.9) 342.4(34.7) 22.7(1.9) N
Pennsylvania (Kimmel 1995) 56 36.8(1.0) 95.2(0.6) 328 (32.4) No pref.
Wisconsin (Rosenfield et al. 1998) 37 30.3(25) 81.6(29) 423.0(40.4) 213.5(40.0)

2 Adjusted to a per-ha estimate.
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Such results may be attributable to differ-
ences in methodology or site ecology.
Methodological differences may result from
use of spherical densiometers and ocular
estimates versus moosehorns and ocular
sighting tubes. The former two methods
have been shown to consistently overesti-
mate canopy closure (Bunnell and Vales
1990, Cook et al. 1995); consequently, stud-
ies using these methods probably overesti-
mated canopy closure at goshawk nestsites.
Differences in site ecology may also provide
insight into differences in canopy closure
estimates, with lower estimates coming from
relatively xeric conifer sites (e.g., eastern
Oregon, northeastern California, and east-
ern Arizona), and higher estimates found in
mesic conifer or deciduous sites (Table 26).
Although average canopy closure estimates
tend to vary widely among studies (31- 95%;
Table 26), this measure of forest develop-
ment is consistently higher within 10-ha of

goshawk nests than the available landscape,
regardless of methodology or site ecology
(Table 27). For the studies that observed sig-
nificant differences between goshawk nests
and random sites, canopy closure at nest
sites ranged from 9 to 60% higher than at
random sites (Table 27). In our study of
eastern Oregon and Washington sites,
canopy closure, estimated with a moose-
horn, averaged 53% and was normally dis-
tributed with a slight tendency for nests to
be associated with canopy cover >50%.
Despite canopy closure’s consistency of
use among previous studies, basal area may
be a better descriptive criterion for predict-
ing goshawk nest sites. Basal area is also cor-
related with goshawk nesting habitat
(Crocker-Bedford and Chaney 1988, Squires
and Reynolds 1997), yet it is often over-
looked by researchers in preference for
canopy closure at nest sites, perhaps because
of the ease with which canopy closure is

Table 27. Comparison of habitat characteristics within 10 ha of goshawk nest trees for those studies that have compared known

goshawk habitat with random points.

Goshawk nests

Random sites

Variable  Study area n Mean SE n Mean SE
Basal area (m?/ha)
NW California 2 10 90.0 3.0 10 89.0 2.0
NE California 20 37.0" 2.0 102 26.0 2.9
E. Arizona © 15 30.8" 15 20.7
S. Idaho d 26 28.5" 2.1 26 21.2 2.1
Wyoming © 39 50.8" 21 33 425 3.4
E. Oregon/Washington f 82 40.6™ 1.3 90 222 1.1
Pennsylvania 9 56 36.76" 1.0 56 27.96 1.2
Canopy cover (%)
NW California 10 94.0" 0.4 10 86.0 1.0
NE California 20 31.0" 2.9 102 21.0 3.4
E. Arizona 15 31.3 15 28.2
S. Idaho 25 75.0 3.0 25 71.0 3.0
Wyoming 39 66.7 2.0 33 60.0 3.8
E. Oregon/Washington 82 53.1" 1.7 90 33.2 1.7
Pennsylvania 56 95.2" 0.5 56 83.6 1.2
SE Alaska P 39 49.6 1.2 39 42.9 2.1
Tree density (trees/ha)
NW California 10 427.0 32,0 10 502.0 17.0
E. Arizona 15 791.0 15 978.0
S. ldaho 26 387.0 27.9 26 347.0 38.2
Wyoming 39 1345.0 85.0 33 13225 135.0
E. Oregon/Washington 82 862.4 52.9 90 721.4 51.6

@ Hall (1984). P Hargis et al. (1994). ¢ Lang (1994). ¢ Patla (1997). © Squires and Ruggiero (1996).

f This study. 9 Kimmel (1995). M Titus et al. (1996).

" Indicates significant differences (P < 0.05) between means from a 2-sample t-test.
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estimated. Our 1-ha nest site logistic regres-
sion model did not include canopy cover
because basal area had considerably more
explanatory power than any other covariate.
Results from 6 of 7 North American goshawk
studies, including ours, that compared gos-
hawk nest sites with random sites indicated
that basal area estimates were greater at nest
sites ranging from 28.5 to 50.8 m? ha™!
goshawk nest sites and from 20.7 to 42.5 m?
ha™! at random sites (Table 27). However, in
these same 6 studies, canopy cover was signif-
icantly greater at nest sites than available at
random in only 3 studies (Table 27). Both
basal area and canopy cover may influence
nest site selection. However, basal area may
be the better descriptor of stand conditions
and be the most applicable for maintenance
of canopy cover. Basal area (i.e., the cross-
section of a stand occupied by tree boles)
may influence nest site selection through the
provision of hiding cover for fledglings
learning to hunt, via tree boles (McTague
and Patton 1989). Tree boles could serve as
hiding cover for fledglings through disrup-
tion of sight-distance of avian predators.
Typically, in studies where significant differ-
ences were detected for basal area between
goshawk nests and random sites (Table 27),
the average basal area estimate was 7 to 11
m? ha! greater at goshawk nest sites. Our
studys average basal jarea estimate for nest
sites was 18.4 m? ha™! greater than that for
random sites.

Goshawk nest sites at the 1-ha scale are
often described as consisting of mature to
old growth conditions (Reynolds et al. 1982,
Moore and Henny 1983, Speiser and
Bosakowski 1987, Hayward and Escano
1989). We found goshawks placed their
nests within stem exclusion stands signifi-
cantly more often than expected based on
availability, and used understory reinitiation
and old growth stands at the 1-ha nestsite
scale in proportion to their availability
(Table 11). These results may: (1) indicate
variability in habitat selection; (2) result
from low amounts of old growth forest avail-
able in the landscape (Everett et al. 1993); or
(3) be indicative of low power (i.e., 10 gos-
hawk nests and 3 random sites in old
growth). Nevertheless, the work of Squires
and Ruggiero (1996), who found goshawks
in Wyoming nesting in single-storied lodge-

pole pine forests, would seem counter to the
notion that old-growth Abies, Pseudotsuga, or
ponderosa pine is an essential aspect of gos-
hawk habitat. Other variables often cited as
being associated with goshawk nests include
slope, topographic position, and aspect.
Goshawk nest sites are typically described as
being on relatively low topographic posi-
tions and on moderate slopes (Squires and
Reynolds 1997). Goshawk nests in our study
were more strongly associated with the lower
1/3 of slopes or drainage bottoms (P <
0.001) but no preference was observed for %
slope (P = 0.494). Similarly, Hennessy
(1978) found 50% (of 28) of goshawk nests
on the bottom 1/3 of slopes and 21% on the
upper 1/3 of slopes.

We found that goshawk I-ha nest sites
occurred primarily on north-facing aspects
in this study (P < 0.001). Although several
studies have failed to demonstrate selection
for aspect (Kennedy 1988, Moore and
Henny 1983, Kimmel 1995, Squires and
Ruggiero 1996), others have found goshawk
nest sites predominately on NW to NE
aspects (Reynolds et al. 1982, Hall 1984,
Hargis et al. 1994, Patla 1997; Table 26).
Only in Alaska (McGowan 1975) were south-
ern aspects selected.

Multivariate—Although individual vari-
ables such as canopy closure, basal area,
structural stage, and topographic position
each uniquely contribute to selection, it
seems reasonable to assume that nest selec-
tion is triggered by a gestalt perception of the
environment (Lack 1933) which incorpo-
rates several factors simultaneously. Our
logistic regression analysis for the 1-ha nest
site indicated that stage of stand develop-
ment, topographic position, and basal area
best discriminated between goshawk and
random sites in eastern Oregon and
Washington (Tables 17 and 18). Analysis of
the coefficients of the remaining factors
indicated that a stand’s occurrence in a
given stage of stand development and its
topographic position were insufficient by
themselves for differentiating between ran-
dom sites and nest sites at this landscape
scale. With the exception of basal area and
the interaction term (i.e., low topographic
position X basal area; Table 18), the other
variables were negatively related with gos-
hawk nesting. Basal area, in conjunction
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with these other factors, appeared to be the
major factor in discriminating between ran-
dom and nest sites at the 1-ha scale, explain-
ing 68% of model deviance by itself
(deviance = 84.8, 1 df). Basal area and its
interaction with low topographic position
explained 73% of the total explained
deviance. The interaction term did not con-
tribute much to the amount of deviance
explained by the model, and thus, basal area
appears to be the single most important vari-
able in the model. Goshawks may be select-
ing for high basal area and low topographic
position, rather than a particular stage of
stand development per se at this scale.

We speculate that the tendency of
goshawks to place their nests at the base of
the live canopy in dense, larger diameter
stands on the lower portions of the slope
may confer protection from aerial predators
(e.g., Janes 1985:176), such as red-tailed
hawks (Buteo jamaicensis) and great horned
owls (Bubo virginianus), or it may result in
favorable microclimate for the incubating
female and nestlings (Reynolds 1978,
Reynolds et al. 1982). However, we caution
that we did not specifically measure relation-
ships between habitat and vulnerability, and
this relationship requires field investigation.

Landscape-Scale Habitat Relationships

Nest sites, important for goshawks
because they represent where the young are
raised, have been well-studied (Hennessy
1978, Reynolds et al. 1982, Moore and
Henny 1983, Hayward and Escano 1989,
Squires and Ruggiero 1996, Daw et al. 1998).
Yet, they also represent a small portion of
the goshawk’s environment, and are the
final stage in nesting habitat selection (after
Johnson 1980). Important insights into gos-
hawk nesting ecology may be gained by
examining gradients in scale that examine
important ecosystem features and their rela-
tionship to the nest (Frost et al. 2001). By
examining goshawk habitat relationships at
multiple spatial scales, from the nest tree to
the PFA (170 ha), across four study areas in
six ecological provinces, we detected unify-
ing spatial patterns and structural conditions
that are associated with goshawk nesting
habitat.

Frost et al. (2001) suggest that to under-
stand human effects and stressors on a

species’ habitat, an appropriate scale of
aggregation must be determined that has a
strong potential for maximizing understand-
ing and optimizing the information
obtained. Our analysis has empirically
determined 83 ha (514 m radius) to be this
scale among those analyzed (Table 19). Our
best model (Table 20) explained more varia-
tion than models of greater spatial extent,
and included habitat conditions from sever-
al smaller landscape scales. These results
may simply be due to landscape heterogene-
ity being directly proportional to the spatial
extent being studied (Forman and Godron
1986); the process of sampling habitat condi-
tions from a wider spatial extent will often
encounter larger-scale ecological systems
and will require larger sample sizes to
acquire the statistical power necessary to
detect spatial patterns in more heteroge-
neous data sets. Although this may be true,
goshawk habitat selection is nonetheless
probably more discriminating closer to the
nest, with habitat associations becoming
more general and diversified at larger scales.
For example, the proportion of the 30-ha
landscape that was occupied by high under-
story reinitiation and high stem exclusion
accounted for nearly 65% of the total varia-
tion explained by the model. This reflects
the importance of habitat conditions near
the nest. Additionally, relatively advanced
stages of stand development (e.g., stem
exclusion, understory reinitiation, and old
growth) were not specifically identified as
important beyond the 30-ha scale, where
landscape fragmentation indices (i.e.,
Simpson’s evenness index and mean nearest
neighbor distance) predominated (Table
20). We interpret the predominance of frag-
mentation indices beyond the 30-ha scale
to indicate that the goshawk’s reliance on
specific habitat conditions for nesting
decreases as distance from the nest increas-
es. Thus, our understanding of how anthro-
pogenic change affects and stresses goshawk
nesting habitat should focus on (1) the com-
position of the 30-ha surrounding the nest
and (2) the spatial patterns and relation-
ships in the remainder of the 83 ha. Our
study cannot address the goshawk’s associa-
tion with successional stages for other
aspects of their life history requirements.
Other landscape-scale studies have found
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similar results. Allison (1996) found that
most habitat differences between goshawk
nests and random sites in northern
California occurred within 12-ha nest plots
and that these plots contained more mature-
old mixed fir and slightly more dense mid-
aged fir than did the surrounding 201-ha
PFA. Similarly, Daw (1996) found more
dense, late forest habitat (>15 live tph >53
cm dbh and >50% canopy closure) within
12-ha and 24-ha circles than in the surround-
ing landscape (P = 0.061), with the effect
diminishing as circle size increased.

Our model demonstrates that habitat
evenness and nearest neighbor indices are
important in predicting nest selection by
goshawks.  Goshawks selected landscapes
characterized by greater evenness among
the stages of stand development present,
than around random sites, and with greater
distance between stands of the same type.
This result is corroborated by earlier studies.
Hall (1984) found that habitat changes
occurred at shorter intervals with fewer habi-
tat type changes at random sites than at nest
sites, such that goshawk nests in northern
California were associated with more hetero-
geneous landscapes than random points.
Hargis et al. (1994) found nestling phase
and postfledging phase home ranges for
goshawks (n = 10) to have a greater number
of vegetation types/ km? than random circles
(n=10). Thus, goshawk nest locations tend
to be more often associated with heteroge-
neous landscapes beyond a certain core area
that encompasses the nest tree.

The initial purpose behind our use of the
“ring” method of model construction was to
be able to quantify the additional predictive
power associated with increasing the scale of
the analysis, by removing spatial autocorrela-
tion. It also allowed us to put into perspec-
tive the spatial patterns we observed with
changes in observational grain and subse-
quent goshawk nest habitat associations
(Wiens 1989). Logistic regression models
developed for each spatial scale (Table 19)
indicated Simpson’s evenness index, while
present in all models >30 ha, was most
strongly associated with goshawk nests with-
in an area of 30 to 83 ha (309 m and 514 m
radii, respectively) surrounding the nest.
While present in each model >30 ha,
Simpson’s evenness index only made unique

49

contributions to discriminating between gos-
hawk nests and random sites in the 30- to 60-
ha and 60- to 83-ha rings (30 ha+ and 60 ha+
models, respectively; Table 19), because spa-
tial autocorrelation was removed. Thus,
Simpson’s evenness index is present in all
models >83 ha due to the strength of its asso-
ciation with goshawk nests at spatial extents
between 30 and 83 ha in area.

Because we systematically varied the
observational grain and extent during our
analysis using predefined scales, we were
able to provide important insight into the
landscape dynamics associated with goshawk
nests and determine which patterns most
strongly interact with each other to influ-
ence goshawk nesting (Kemp et al. 2001).
Through our analysis, two interactions
became clear: a cross-scale interaction
involving high understory reinitiation with
stand initiation, and another involving
Simpson’s evenness index with the
Northeast Oregon study area effect. Our
models indicated that conditions at different
landscape scales interact to influence selec-
tion of habitat for nesting. This is apparent
in the interaction between the proportion of
high understory reinitiation at 30-ha with
the proportion of stand initiation in the 30-
to 60-ha ring. Examination of the coeffi-
cients for the interaction term, along with
the main effects that comprise the interac-
tion (Table 20), shows that high understory
reinitiation within the 30-ha scale may coun-
teract some of the negative effects of stand
initiation stands, but only where the stand
initiation stands are in the 30- to 60-ha ring.

The interaction between high understory
reinitiation and stand initiation, in the 30-ha
scale and 30- to 60-ha ring, respectively,
appeared to influence goshawk nest site
selection. An interaction between these 2
stages of stand development was found in all
habitat models, except for those represent-
ing the 120-ha landscape scale (Table 19).
Additionally, for those models with base
landscapes <60 ha, the interaction between
high understory reinitiation and stand initi-
ation was always of a cross-scale nature.
Once the base landscape scale for the habi-
tat models was >60 ha, the interaction
between these variables became intra-scale.
We interpret this to indicate that a “core
area” exists around goshawk nests, in which
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high understory reinitiation or high stem
exclusion serve to protect the nest from
potentially detrimental effects related to
more open habitats, such as the presence of
stand initiation. In more open habitats, the
nest may be more vulnerable to predation,
and its microclimate may be affected to a
greater extent than if placed in heavier
cover. This implies that core areas of high
canopy closure stem exclusion and under-
story reinitiation surrounding a nest should
be considered when evaluating the spatial
extent to which management prescriptions
may influence suitability of forests for gos-
hawk nesting. The implications of the high
understory reinitiation and stand initiation
interaction should be tested to better under-
stand the basis for this interaction. One
result of our multi-area study design was the
identification of how localized differences in
landscape pattern affect the process of nest
site selection by goshawks. As evidenced by
the inclusion of the Northeast Oregon study
area effect in the 30 ha and 30 ha+ models
(Table 19; the latter being our “best”
model), the landscape within 30 ha of gos-
hawk nests and in the 30- to 60-ha habitat
ring is slightly different in Northeast
Oregon, in comparison to the other three
study areas. Our best model (Table 20) indi-
cated, through an interaction term, that
goshawks selected for greater evenness in
the 30- to 60-ha habitat ring in Northeast
Oregon. Thus, in Northeast Oregon, habi-
tat evenness may be more strongly associated
with goshawk nests than in the other study
areas. This may also be an artifact of differ-
ences in ownership patterns and harvest his-
tories among study areas.

A re-examination of nest site management
strategies is necessary in light of our ring
analysis.  Currently, several conservation-
reserve strategies exist for goshawk habitat
management in the Pacific Northwest, as well
as for northern spotted owls and bald eagles
(Haliaeetus leucocephalus) (e.g., Forsman et al.
1985, Stalmaster et al. 1985, Riggs 1994,
Schommer and Silovsky 1994).  Such
reserves, or exclusionary buffers, have failed
to address 3 contingencies that can influence
their effectiveness: (1) factors external to the
buffer can influence its effectiveness, (2) fur-
ther forest management will influence the
subsequent suitability of the site, and (3) nat-

WILDLIFE MONOGRAPHS

ural stand dynamics influence site suitability
over time. The first contingency was demon-
strated in the spatial modeling portion of this
paper (regarding the interaction between
high understory reinitiation within 30-ha of
the nest and stand initiation in the 30- to 60-
ha ring). Our spatial modeling showed how
timber harvest can be planned so as to main-
tain goshawk nest site suitability over time,
and that indeed, a nonharvest strategy can be
just as ineffective as aggressive, maximum-
yield forestry. Management strategies that
account for interactions among habitat fac-
tors and their spatial and temporal effects on
habitat suitability are likely to be more suc-
cessful over time than prohibitive buffers
that exclude timber management. This is
particularly true for fire-adapted systems
such as those in the Interior Northwest,
where periodic fires historically created
patchy distributions of the various forest
structures. However, our data speak only to
the Interior Northwest, which is character-
ized by relatively dry and disturbance-adapt-
ed forests compared to some others. For
example, in temperate rainforests, such as
those in southeastern Alaska, creation of
large, no-harvest buffers may be consistent
with the region’s disturbance ecology.
Although our results for the 83 ha surround-
ing goshawk nests indicate a strong associa-
tion for particular structural conditions and
spatial arrangements, these conditions are
more likely to promote the production and
survival of fledglings rather than confer sur-
vival to adults. The spatial extent of this scale
amounts to <10% of goshawk breeding home
ranges and typically smaller proportions of
the nonbreeding home range. Thus, habitat
associations identified from our study are
more likely to influence goshawk popula-
tions through the quantity and distribution
of suitable nesting habitat in the landscape
(e.g., see Landscape Assessment).

Reproductive Data

Reproduction at 81 goshawk nests in this
study averaged 1.64 fledglings/active nest
(SE = 0.09) and 1.82 fledglings/successful
nest (SE = 0.07). These estimates are within
the ranges reported in other western North
American studies (Table 28).

Because literature on goshawks lacks
definitive connections between reproductive
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Table 28. Goshawk reproductive output reported in western North America.

Fledglings/ Fledglings/

Study Location Year n active nest successful nest
McGowan (1975) Alaska 1971-1973 33 2.0 2.7
Reynolds and Wight (1978) Oregon 1969-1974 48 1.7

Hennessy (1978) Utah 1973-1974 28 1.4 21
Herron et al. (1985) Nevada 1976-1981 88 22

Bloom et al. (1986) California 1981-1983 127 1.7

Bull and Hohman (1994) Oregon 1992 12 1.2 14
DeStefano et al. (1994) Oregon 1992-1993 50 1.3

Reynolds et al. (1994) Arizona 1991-1992 36 19 2.2
Patla (1997) Idaho 1989-1994 68 2.0 2.1
This study Oregon/Washington 1994 81 1.6 1.8

performance and specific habitat variables,
we attempted to analyze reproductive per-
formance in the context of the habitat vari-
ables we measured. By evaluating the rela-
tionship between reproductive performance
and habitat composition, we hypothesized
habitat composition in the surrounding
landscape influences reproductive perform-
ance. We found that reproductive perform-
ance may have increased slightly as basal
area increased at the 1-ha nest site (Fig. 8),
and productivity also varied somewhat with
the proportion of landscape occupied by low
stem exclusion at landscape scales >60 ha
and wet openings at landscapes >120 ha.
However, trends were not consistent or statis-
tically significant (Figs. 8 and 9).

With one year’s reproductive data it is not
likely that strong correlations between pro-
ductivity and habitat conditions would be
observed. With merlins (Falco columbaris),
Bibby (1986) was able to predict nest site
occupancy with a high degree of certainty
based on vegetation characteristics within 4
km of the nests, yet could not predict the
reproductive outcome of the nests based on
the same characteristics. Inability to detect
habitat differences with regard to reproduc-
tion suggest: reproduction is not sensitive to
landscape pattern; goshawk reproductive
rates are sensitive to landscape pattern but
our l-year analysis was not powerful enough
to detect the association; or goshawk repro-
duction in any one year reflects multiple fac-
tors (Lehmkuhl and Raphael 1993,
McClaren et al. 2002). Both Newton (1986)
and Franklin et al. (2000) demonstrated the
need for reproductive data from several

years to determine associated factors for nest
abandonment, or failure, and reproductive
success. For sparrow hawks (Accipiter nisus),
breeding success increased with early laying
dates, parental attentiveness (see also
Goodburn 1991, Sydeman et al. 1991,
Reynolds et al. 1994, Wiebe and Martin
1998), and frequent prey deliveries, which
could be related to habitat (Newton 1986).
For spotted owls, weather was highly associat-
ed with nesting success, whereby success was
lower with cold, wet springs (Franklin et al.
2000; see also Kostrzewa and Kostrzewa 1990,
Patla 1997, Penteriani 1997), which would
also influence prey abundance and availabil-
1ty.

Our interpretation of the habitat analyses
is relevant to a couple of aspects of goshawk
ecology not previously mentioned in the lit-
erature: (1) security of the nest site, and (2)
the influence of the surrounding landscape
on reproductive output. For proper per-
spective, the RSPF models determined that
nest sites were best characterized: (1) at
landscape scales <83-ha, (2) by a heteroge-
neous landscape with a 30-ha core of high
understory reinitiation and high stem exclu-
sion forest surrounding (3) a nest stand with
higher basal area than the surrounding
landscape on low topographic positions.
This architecture suggests a “protective”
core of forest vegetation in immediate prox-
imity to the nest tree that grades into more
open foraging habitat with increasing dis-
tance from the nest. Reproductive analyses
suggested that reproductive output varied
(1) with basal area within 1 ha of the nest,
and (2) with the proportion of landscape in
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low stem exclusion and wet openings (at
landscape scales >60-ha). The variation in
reproduction with low stem exclusion stands
and wet openings suggests linkage of repro-
duction with prey availability in the more
open habitats in eastern Oregon and
Washington (see DeStefano and Cutler 1998
and Watson et al. 1998 for prey species).
Furthermore, goshawks may find higher lev-
els of avian biomass within the tall, open
stands characteristic of the stem exclusion
stage (R. Sallabanks, Sustainable Ecosystems
Incorporated, Eagle, Idaho, unpublished
data). However, while we have observed
relationships between productivity and habi-
tat, the relationships are weak in our limited
sample from a single year. Thus, the RSPF
model will predict the probability of a nest
site occurring in a location, but it will not
predict the site’s potential reproductive out-
put.

Implications for Our Knowledge of
Goshawk Ecology

Habitat models can aid managers in
understanding the environmental conditions
that most likely influence habitat selection or
are correlated with those that do (e.g., prey).
Our models can be most helpful when viewed
in terms of Johnson’s (1980) hierarchical
model of selection. According to Newton
(1979), prey abundance and availability, cou-
pled with available habitat conditions, proba-
bly control home range selection among rap-
tors (Johnson’s [1980] second-order selec-
tion). In selecting among possible nest sites
in eastern Oregon and Washington, goshawks
probably first narrow their search to a land-
scape with a sufficiently abundant supply of
prey so that the energetic rewards of foraging
are beneficial for both adults (Newton 1979,
Orians and Pearson 1979, Kennedy 1988).
Kennedy (1988) stated that goshawk nest sites
may be selected because they are central
points within an area of high food availability
within the home range (third-order selec-
tion). Within this localized area (i.e., home
range), goshawks may then avoid areas that
have higher concentrations of stand initiation
stands while seeking relatively equivalent
amounts of other stages of stand develop-
ment that are present. Additionally, the habi-
tat surrounding the nest site (i.e., PFA) is
expected to provide opportunities for young

hawks to learn how to approach prey and pro-
vide concealment cover from predators for
fledglings (Reynolds et al. 1992). As
goshawks narrow their search, they may seek
nest sites in high understory reinitiation or
high stem exclusion stands that also have low
topographic position and higher basal area
than other available stands. These conditions
may then provide suitable access to prey in
the adult’s home range, provide shelter from
predators and competitors (i.e., “competitive
coexistence”; sensu Rosenzweig 1981), good
visibility for detecting adults with prey, ease of
flight, and desirable microclimatic conditions
in which to nest. These hypotheses tend to be
supported by the consistencies in nest-site
habitat descriptions from goshawk studies in
North America and Europe (Hennessy 1978,
Reynolds 1978, Moore and Henny 1983,
Speiser and Bosakowski 1987, Anonymous
1989, Squires and Ruggiero 1996, this study),
by observed fledgling behavior (Zachel
1985), and the consistencies in habitat condi-
tions in the landscapes surrounding goshawk
nests (Hall 1984, Allison 1996, Daw 1996, Des-
imone 1997, this study).

Habitat conditions within 83-ha (514-m
radius) may be especially important to fledg-
ling goshawks prior to the hardening of
their primary feathers and rectrices at 62-66
days after hatching (approximately 4 weeks
post-fledging; Kenward et al. 1993). Prior to
4 weeks post-fledging, over 95% of observed
fledgling locations occurred within 500 m of
the nest (Zachel 1985, Kenward et al. 1993,
Kennedy et al. 1994). During this time,
when flight feathers are not fully grown and
hardened at their bases, fledglings are not
very adept in flight and may be more suscep-
tible to predation. Zachel (1985) noted that
one of the major developments during the
fourth week post-fledging was the onset of
hunting activity. Thus, habitat conditions
within 500 m (approximately 80 ha) may be
especially important at providing escape
cover from predators and concealment
cover so that awkward fledglings can learn to
capture prey.

In light of a hierarchical habitat selection
process, and viewed in conjunction with
“competitive coexistence” (Rosenzweig
1981), differences in habitat selection
among different subspecies of goshawk may
be meaningful. In Europe, woodland/farm-
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land mosaics are considered optimal habitat
for goshawks (Accipiter gentilis gentilis;
Kenward 1996). Kenward (1996) postulated
that potential differences in habitat selec-
tion between the two subspecies are due to
differences between European and North
American raptor guilds. Data on A. g. gentilis
in Europe indicate that nesting habitat is
similar to A. g atricapillus (Anonymous
1989), but foraging occurs where food is
most abundant (Kenward 1982), rather than
based on habitat structure (Bright-Smith
and Mannan 1994, Kenward 1996, Beier and
Drennan 1997). Hence, by avoiding poten-
tial nest sites that are within a 30 ha area of
forest clearings (e.g., meadows or stand initi-
ation stands), the North American sub-
species (A. g. atricapillus) may be reducing
the likelihood of nest predation by other
North American raptors (e.g., red-tailed
hawk and great-horned owl) that frequent
such habitats.

Limitations of This Study

With the use of P, in the RSPF, we
assumed that the estimates for territory
densities used were representative of the
densities in our study area. Because P, is a
constant in the RSPF and the coefficients for
the covariates from the logistic regression
are not affected by P,, variability in territory
density will only affect the resulting classifi-
cation accuracy of the RSPF (Manly et al.
1993). Because rigorous territory density
estimates require a minimum of 3-5 years of
intensive surveys to calculate (R. T.
Reynolds, USDA Forest Service, personal
communication), and we used the mean ter-
ritory density from our sample (Table 2) to
calculate P,, we evaluated the effects territo-
ry density variability would have on the RSPF
(Table 22). Assuming that territory density
estimates used in the calculation of P, were
representative for our study area, territory
density was between 0.043 and 0.072 active
territories/km?. Thus, such variation in ter-
ritory densities, and subsequent variation in
P,, produced a range in classification accura-
cy of 75-79% (Table 22).

Using a resource selection function, we
must assume that (1) territory density esti-
mates used in calculation of P, are represen-
tative for our study area; and (2) some pro-
portion of the available habitat sampled (P,)

is also occupied. The former assumes: (1)
survey site selection is unbiased (e.g., not
selected based on logistics or habitat compo-
sition); (2) all habitats are sampled equally;
and (3) survey method efficacy is equal
among study areas. Thus, insertion of bias
into calculation of territory density is quite
possible, and the resulting estimate may not
be truly representative as a result. Within
the resource selection function, calculating
the proportion of available habitat that may
be occupied is contingent upon representa-
tive estimates of territory density. To
improve the precision of future resource
selection functions, while reducing bias,
greater effort should be placed on (1) ran-
dom selection of survey areas, to ensure
equal assessment of all habitats, and (2) effi-
cacy testing of survey methodology among
regions and habitats to evaluate survey preci-
sion (e.g., Watson et al. 1999).

Habitat models developed in the Interior
Pacific Northwest may not apply to regions
outside of our study areas and indeed may
only be valid within the conditions of prey
and climate present during the course of
our study. Mosher et al. (1986) developed
habitat models for woodland hawks in
Maryland and Wisconsin and found that pre-
dicting habitat use in one region on the
basis of data from another produced mixed
results due to differences in available habitat
conditions among regions. Thus, to deter-
mine appropriateness of these models for
other regions requires representative sam-
ples of available habitat and goshawk nests
to determine the model’s predictive capabil-
ities.

The controversy surrounding the gos-
hawk as an indicator species for old growth
forests warrants discussion in light of the
results of this study (Silver et al. 1991).
Results of our 1-ha nest site analysis and
landscape scale analyses (Tables 11, 15, and
16) indicated that old growth forest structur-
al stage (as defined by Oliver and Larson
1996) was not useful in determining gos-
hawk nest site selection. Results from the 1-
ha analysis suggest that high understory
reinitiation and old growth stages of stand
development may function equivalently in
terms of perception by goshawks when
selecting nest sites (Table 11). Similarly, we
hypothesize functional equivalence of these
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stages of stand development at landscape
scales. Despite similarities in forest structur-
al characteristics for low understory reinitia-
tion, high understory reinitiation, and old
growth (Tables 6-8, Fig. 5), our difficulty dis-
cerning between the old growth and high
understory reinitiation structural stages
through aerial photo interpretation (Table
5), and the Interior Columbia Basin Ecosys-
tem Management Project’s (Everett et al.
1993) low detection of old growth forest in
eastern Oregon and Washington, using a
coarser scale habitat inventory, goshawk
reproduction (fledglings/active nest) in our
study was typical of other goshawk studies in
western North America (Table 28). Howev-
er, the role of old growth structure in gos-
hawk nest site selection could be further
evaluated with samples in landscapes where
old growth is more abundant.

Management Applications

To have value to managers, habitat mod-
els must enable practitioners to predict the
influences of land management practices
on species, and enable prediction of the
distribution and abundance of a species
given management assumptions. Spatially
explicit models provide resource managers
with a method of examining possible
responses of species to local and regional
management strategies (Dunning et al.
1995). Our models have the potential for
use in adaptive management situations and
can be used to assess landscape suitability for
nesting goshawks. However, we recommend
caution in their application beyond the
areas included in this study. Application of
these data to other regions may be inappro-
priate based on differences in available habi-
tat conditions among regions (Mosher et al.
1986). Nonetheless, our modeling approach
can be used as a template for other areas
that have similar data.

Site-specific Application—The major bene-
fit of a site-specific habitat model is its ability
to predict the responses of individuals to
specific management applications (Dunning
etal. 1995). Our model can be used as a site-
specific model to evaluate the effects of dif-
ferent silvicultural prescriptions on nest-site
suitability over time. To illustrate this utility,
we coupled the model with silvicultural pre-
scriptions and a forest growth and yield

WILDLIFE MONOGRAPHS

model to evaluate the effects of competing
silvicultural strategies and to identify useful
modifications for goshawk nesting (Figs. 12
and 14; see Results for details). Although
the simulation involves a 3-stage modeling
process (i.e., model stand growth, interpret
stand structure from stand-yield tables with
CART analysis, and then analyze the land-
scape’s stand structure and distribution
using the habitat model), our purpose was to
demonstrate an application of the land-
scape-scale habitat model and determine
some of the model’s possible limitations.

Developing a silvicultural prescription to
maintain or improve site suitability was an
iterative process in which the beneficial and
detrimental effects of each prescription had
to be evaluated. For the nest sites evaluated
in our two case-studies, development of an
appropriate prescription finally relied on
determining: (1) the factor in the RSPF that
limited nesting suitability of the site over
time, (2) which stand(s) had the greatest
effects on the limiting factor(s), and (3) how
and when to modify the stand(s) to meet
landscape objectives. Determining which
stands were most influential to goshawk nest-
ing required knowledge of their initial struc-
tural characteristics (i.e., basal area, tree den-
sities, and structural stage), spatial extent,
and spatial relationship to the nest. For the
Central Washington site, a single stand was
key to regulate evenness in the 30- to 60-ha
ring, and thus, the resulting nesting suitabili-
ty. In Northeast Oregon, two stands were key
to nesting suitability because they controlled
the 30-ha scale composition, evenness of the
30- to 60-ha ring, and were easily manipulat-
ed to provide the desired stand characteris-
tics. In order to achieve and maintain nest-
ing suitability at these sites, careful, repeated
thinnings were required. Similarly, several
authors have suggested the use of timber har-
vest to achieve wildlife objectives (Leopold
1933, Nyberg et al. 1987, Reynolds et al. 1992,
McComb et al. 1993, Riggs et al. 1993, Oliver
et al. 1994). As part of an adaptive manage-
ment process, the validity of our model for
predicting landscape suitability for goshawk
nesting should be assessed through rigorous-
ly designed manipulative experiments where-
by differing silvicultural options are tested
simultaneously and modified as necessary
(Irwin and Wigley 1993).
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Developing adaptive experiments to test
the relationship between nesting occupancy,
or fitness, and habitat management is critical
for many species and for managing multiple
resources. In an adaptive experiment, the
experimental units could be stands sur-
rounding several goshawk nests within terri-
tories (because goshawks use alternate nests
within a territory) that are treated using dif-
ferent silvicultural prescriptions (e.g., thin-
ning from below, prescribed burning, PCT,
etc.), and the evaluated response would be
the change in amount of use (before vs. after
vs. control). Functionally, it will be much
more challenging to evaluate population
response due to the large sample size (>75)
and long time frames (>10 years) that are
likely to be required.

In our simulations, some potential limita-
tions in the CART analysis and landscape-
scale models became apparent. Use of the
CART model for classifying forest stages of
stand development based on vegetation
characteristics was limited in that it could
not classify stands as old growth. Therefore,
stands classified as high understory reinitia-
tion could not progress naturally into an old
growth classification when true old growth
structural characteristics were present. The
limitations of the CART model also illumi-
nated problems the landscape model had
with homogeneous landscapes.

Our landscape model consists of a
Northeast Oregon study area effect, 2
“mature” stand types (i.e., high stem exclu-
sion and high understory reinitiation) in the
30-ha scale; 1 early successional stand type
(i.e., stand initiation), Simpson’s evenness
index and mean nearest neighbor distance
in the 30- to 60-ha ring; and 1 stand type
(i.e., stand initiation) in the 60- to 83 ha ring
(Table 20). Given these limitations, the
model is only able to assess habitat in the 30-
ha scale for high stem exclusion and high
understory reinitiation, and for stand initia-
tion in the 30- to 60 ha and 60- to 83-ha rings.
As a result, if those habitat conditions are
not present at their respective landscape
scales, those variables essentially are
removed from the model and the estimate of
site suitability is dependent only on habitat
conditions in the other landscape scales. If
stand initiation is not present in the 30- to
60-ha ring, Simpson’s evenness index and

mean nearest neighbor nevertheless can be
computed, providing input into the model
for this scale. However, homogeneous 83-ha
landscapes, or a homogeneous 30- to 60-ha
ring, do not allow mean nearest neighbor or
Simpson’s evenness index to be computed
because the area consists of 1 stand
(McGarigal and Marks 1994). As a result, in
a non-stand initiation, homogeneous 30- to
60-ha ring, the 30- to 60-ha ring is essentially
removed from the model, forcing the esti-
mate of site suitability to be calculated on
habitat conditions at the other landscape
scales. In the forest growth simulation,
when the 83-ha landscape was a homoge-
neous stand of high understory reinitiation,
the site suitability from the RSPF could only
be calculated from the proportion of the 30-
ha scale in high understory reinitiation,
which resulted in low site suitability esti-
mates (Figs. 12 and 14, Tables 22 and 23).

Application for Landscape Assessment.—To
this point in the discussion, application of
the goshawk habitat model has emphasized
the area (83 ha) around individual, discrete
points in the landscape. Site-level analysis is
most suited for operational-level manage-
ment decisions regarding the manipulations
of individual stands, particularly where gos-
hawk nests already exist, or where the man-
ager wishes to facilitate nesting over time
through proactive management. Our model
can also be used to assess the relative quality
of potential nesting habitat across extensive
landscapes. The results of such analysis
could be meaningful for viability analyses
and status reviews (U.S. Fish and Wildlife
Service 1998).

When the model is implemented in a
moving window landscape assessment, as it
was in our Central Washington case study,
the output is a contour map of relative gos-
hawk nesting probabilities (Fig. 16). As
such, relative probabilities must be evaluated
with respect to each other, rather than 0 or 1
(Erickson et al. 1998). Such maps can be
used for a multitude of resource decisions.
At the individual pixel level, the effects of
management on goshawk nesting habitat
potential could be evaluated. For groups of
pixels within goshawk territories, areas of
concentrated nesting habitat can be identi-
fied and integrated into resource plans. At
larger scales, probability-contour maps can
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serve as tools for identifying and delineating
groups of goshawks that may constitute sub-
populations. This information could be use-
ful for stratifying goshawk searches and for
spatially allocating forest management activ-
ities. In resource management, these types
of landscape-scale assessments are particu-
larly important for strategic planning (e.g.,
evaluating the management alternatives for
a National Forest plan).

Another application of our model involves
fire-adapted ecosystems like the Interior
Northwest, where periodic fires historically
created patchy distributions of various forest
structures (Covington et al. 1994, Everett et
al. 2000). Now, many of these forests are
more continuously dense and therefore at
risk for uncharacteristically severe wildfire
events. Recognizing the extent of forest
changes over the past century, management
of goshawk habitats in such modified forest
ecosystems will be complicated. The effec-
tiveness of large scale forest ecosystem
restoration in accommodating species like
goshawks will depend upon the extent to
which future landscape patterns and process-
es support population persistence over the
long term (Wilcove 1999). While goshawks
may be adapted to low intensity-high fre-
quency wildfires, reduction in habitat is prob-
able following severe wildfires. As Laverty et
al. (2000:9) noted, that without intervention
in susceptible forests, “fire could eventually
push declining populations beyond recov-
ery.” Itis possible, then, that without mitigat-
ing current hazards, the goshawk might ulti-
mately be listed as regionally threatened west
of the 100th meridian. Thus, recommenda-
tions for silvicultural activities should be
developed with concerns for uncharacteristic
wildfires in mind.

Our model can be used as a decision-sup-
port tool to aid planners in identifying which
areas and how much of a landscape sur-
rounding goshawk nests should be treated to
reduce density and continuity of forest fuels.
Goshawk nest sites in lower-slope stands with
high basal area and high stem densities prob-
ably are susceptible to fires because of their
high fuel loads (Agee 1994, Everett et al.
2000). Therefore, fuel reductions could
occur via thinning from below or basal area
limit harvests that maintain high understory
reinitiation and high stem exclusion stands

in the 30 ha immediately surrounding nest
sites. Beyond the 30-ha scale, we recommend
maximizing habitat heterogeneity while min-
imizing the proportion of area in stand initi-
ation conditions. This should facilitate pro-
active thinning, and enhance flexibility in
stand selection for management, while dis-
couraging large-scale clearcutting.

Although not illustrated here, we hasten
to point out that the methods we describe
for assessment of silvicultural prescriptions
can be integrated with those we have
described for assessing landscapes, thereby
providing a tool suited to assessing the influ-
ence of silvicultural strategies on nesting
habitat across landscapes over time. The
utility of such analyses will depend on the
accuracy of stand-based landscape invento-
ries and regional growth and yield models
such as the FVS.

CONCLUSIONS

In the Inland Northwest, goshawk nesting
habitat becomes much more defined as plot
size surrounding the nest decreases.
Landscapes surrounding goshawk nests are
more heterogeneous than available habitat
and contain core areas of high canopy clo-
sure understory reinitiation and stem exclu-
sion forest within 30 to 60 ha surrounding
the nest. Within these core areas, 1-ha nest-
sites are typically located in stem exclusion
stands on the lower 1/3 of north-facing
slopes where basal area and canopy closure
are greater than at random sites. Thus, nest-
ing habitat is composed of a mid- to late-suc-
cessional forest core within a more heteroge-
neous landscape. A RSPF can be developed
for 83-ha units. This function predicts the
relative probability of a site being a goshawk
nest site, and it can be used to predict effects
of silviculture on nest-site suitability and the
distribution and abundance of probable
nesting areas within a landscape.

Habitat conditions at different landscape
scales interact to influence the probability of
goshawk nesting. Existence of such cross-
scale interactions suggests that the dominant
conservation management practice of plac-
ing no-harvest buffers around goshawk nests
will be ineffective at maintaining site suitabil-
ity because of habitat alterations beyond the
buffer. The landscape-scale RSPF (Table 20)
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demonstrates that different landscape com-
ponents work synergistically to determine
the spatially explicit likelihood of nesting.
Given appropriate silvicultural prescriptions
and timing of silvicultural practices that does
not conflict with the nesting season, it
should be possible to manage timber stands
at varying distances from goshawk nests,
including light thinning near the nest. Pro-
active harvest can maintain or even enhance
nesting habitat over time. However, the tim-
ber harvest strategy to do this requires care-
ful, long-term planning with wildlife habitat
as the primary objective.

Principles in King et al. (2001) suggest
that because our study was designed to
remove spatial autocorrelation among
scales, and several study areas were exam-
ined, interpretation as to how goshawks per-
ceive habitat for nesting and how differences
in landscape potential affect goshawk nest-
ing habitat associations have been improved.
We have provided insight into how: (1)
landscape composition at various scales
interact, (2) habitat composition within 30-
ha of a nest and (3) habitat heterogeneity
influence nesting suitability. Such insight
into goshawk ecology should improve forest
resource management for this species.

We have demonstrated the utility of our
results through two possible management
applications. For individual goshawk nests,
the RSPF can be used to determine the
effect that specific silvicultural prescriptions
will have on suitability of sites for nesting
and to develop prescriptions for maintain-
ing or enhancing suitability over time. At
larger landscape scales, the RSPF can identi-
fy regions that have a high likelihood of con-
taining nesting habitat, help evaluate large
areas (e.g., national forests, large owner-
ships) for goshawk nesting habitat, and facil-
itate the development of land management
plans. However, other factors, including
prey abundance, availability, overwintering,
dispersal, and habitat conditions beyond 83
ha from the nest should be considered as
well. The RSPF is intended to identify only
potential goshawk nesting habitat, without
respect to other aspects of life history.

Although the variables in the RSPF were
reliable discriminants of nest sites and ran-
dom points, they were poor predictors of
nest productivity in 1994.  Several re-

searchers suspect that factors such as
parental experience, weather, and prey
abundance and availability are the most
influential in determining nest productivity
(Goodburn 1991, Lehmkuhl and Raphael
1993, DeStefano and McCloskey 1997,
Reynolds and Joy 1998, Franklin et al. 2000).
Prey abundance and availability may be most
germane to resource managers because it
has been shown to directly influence nest-
site occupancy and productivity for the gos-
hawk in many regions of North America
(McGowan 1975, Doyle and Smith 1994,
Reynolds and Joy 1998, McClaren et al.
2002).

Results of our analyses and the habitat
models presented here should only be used
as a portion of the conservation planning
process for goshawks. As such, conservation
planning for goshawks should include provi-
sions for life history requirements, prey, win-
ter, nesting, and foraging habitat needs, dis-
persal and colonization, and gene flow
between populations. Much of the informa-
tion that is needed to develop a complete
conservation plan for the goshawk is lacking
in North America (DeStefano 1998). To
date, only two studies (Squires and Ruggiero
1995, Titus et al. 1996) have examined gos-
hawk winter ecology and another has specif-
ically examined goshawk foraging habitat
ecology (Beier and Drennan 1997). More
research into winter habitat, goshawk forag-
ing ecology, population dynamics, and dis-
persal and colonization needs to be accom-
plished before a comprehensive conserva-
tion plan for the goshawk can be developed
in North America. Nevertheless, our results
can help forest managers evaluate the influ-
ence of their actions on the likelihood of
goshawk nesting in landscapes to a spatially
explicit extent never before possible.
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